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Prospects and challenges for controlling COVID-19
▸ How can vaccines protect against SARS-CoV-2? What does “protection” mean? 

▸ “Breakthrough” infections and potential for transmission 

▸ Do we need boosters now? 

▸ Thoughts on current and future SARS-CoV-2 evolution, with implications for vaccines 

▸ Discussion



WHAT DOES A COVID 
VACCINE NEED TO DO?



SARS-CoV-2 binds ACE2 receptors to enter cells

hartenian et al j biol chem 2020:  https://doi.org/10.1074/jbc.REV120.013930

https://doi.org/10.1074/jbc.REV120.013930


ACE2 is expressed in many tissues of the body

biorender



Vaccines must protect the lower respiratory tract
▸ Virus is transmitted from upper 

respiratory tract (URT) 

▸ Severe disease occurs when virus and 
the immune response damage the 
lower respiratory tract (LRT) 

▸ Protection of LRT prevents severe 
disease 

▸ Virus replication in URT may still allow 
vaccinated person to transmit

biorender



SARS-CoV-2 Spike protein structure
▸ Antibodies that bind Spike protein block 

virus’ ability to attach to ACE2 

▸ Such “neutralizing antibodies” can prevent 
infection of cells 

▸ Vaccines present Spike protein to immune 
system to elicit antibodies

CORONAVIRUS

Cryo-EM structure of the 2019-nCoV spike in the
prefusion conformation
Daniel Wrapp1*, Nianshuang Wang1*, Kizzmekia S. Corbett2, Jory A. Goldsmith1, Ching-Lin Hsieh1,
Olubukola Abiona2, Barney S. Graham2, Jason S. McLellan1†

The outbreak of a novel coronavirus (2019-nCoV) represents a pandemic threat that has been declared
a public health emergency of international concern. The CoV spike (S) glycoprotein is a key target
for vaccines, therapeutic antibodies, and diagnostics. To facilitate medical countermeasure development,
we determined a 3.5-angstrom-resolution cryo–electron microscopy structure of the 2019-nCoV
S trimer in the prefusion conformation. The predominant state of the trimer has one of the three
receptor-binding domains (RBDs) rotated up in a receptor-accessible conformation. We also provide
biophysical and structural evidence that the 2019-nCoV S protein binds angiotensin-converting enzyme
2 (ACE2) with higher affinity than does severe acute respiratory syndrome (SARS)-CoV S. Additionally,
we tested several published SARS-CoV RBD-specific monoclonal antibodies and found that they do not
have appreciable binding to 2019-nCoV S, suggesting that antibody cross-reactivity may be limited
between the two RBDs. The structure of 2019-nCoV S should enable the rapid development and
evaluation of medical countermeasures to address the ongoing public health crisis.

T
he novel coronavirus 2019-nCoV has re-
cently emerged as a human pathogen in
the city of Wuhan in China’s Hubei pro-
vince, causing fever, severe respiratory
illness, and pneumonia—a disease re-

cently named COVID-19 (1, 2). According to
the World Health Organization (WHO), as of
16 February 2020, there had been >51,000
confirmed cases globally, leading to at least
1600 deaths. The emerging pathogen was
rapidly characterized as a newmember of the
betacoronavirus genus, closely related to sev-
eral bat coronaviruses and to severe acute respi-
ratory syndrome coronavirus (SARS-CoV) (3, 4).
Compared with SARS-CoV, 2019-nCoV appears
to be more readily transmitted from human to
human, spreading to multiple continents and
leading to the WHO’s declaration of a Public
Health Emergency of International Concern
(PHEIC) on 30 January 2020 (1, 5, 6).
2019-nCoV makes use of a densely glycosyl-

ated spike (S) protein to gain entry into host
cells. The S protein is a trimeric class I fusion
protein that exists in a metastable prefusion
conformation that undergoes a substantial struc-
tural rearrangement to fuse the viral membrane
with the host cell membrane (7, 8). This process
is triggeredwhen the S1 subunit binds to a host
cell receptor. Receptor binding destabilizes the
prefusion trimer, resulting in shedding of the
S1 subunit and transition of the S2 subunit to
a stable postfusion conformation (9). To engage
a host cell receptor, the receptor-binding do-
main (RBD) of S1 undergoes hinge-like confor-
mational movements that transiently hide or

expose the determinants of receptor binding.
These two states are referred to as the “down”
conformation and the “up” conformation,where
down corresponds to the receptor-inaccessible

state and up corresponds to the receptor-
accessible state, which is thought to be less
stable (10–13). Because of the indispensable
function of the S protein, it represents a target
for antibody-mediated neutralization, and char-
acterization of the prefusion S structure would
provide atomic-level information to guide vac-
cine design and development.
Based on the first reported genome sequence

of 2019-nCoV (4), we expressed ectodomain
residues 1 to 1208 of 2019-nCoV S, adding two
stabilizing prolinemutations in the C-terminal
S2 fusion machinery using a previous stabili-
zation strategy that proved effective for other
betacoronavirus S proteins (11, 14). Figure 1A
shows the domain organization of the expres-
sion construct, and figure S1 shows the purifi-
cation process. We obtained ~0.5 mg/liter of
the recombinant prefusion-stabilized S ecto-
domain from FreeStyle 293 cells and purified
the protein to homogeneity by affinity chro-
matography and size-exclusion chromatography
(fig. S1). Cryo–electron microscopy (cryo-EM)
grids were prepared using this purified, fully
glycosylated S protein, and preliminary screen-
ing revealed a high particle density with little
aggregation near the edges of the holes.
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Fig. 1. Structure of 2019-nCoV S in the prefusion conformation. (A) Schematic of 2019-nCoV S
primary structure colored by domain. Domains that were excluded from the ectodomain expression
construct or could not be visualized in the final map are colored white. SS, signal sequence;
S2′, S2′ protease cleavage site; FP, fusion peptide; HR1, heptad repeat 1; CH, central helix;
CD, connector domain; HR2, heptad repeat 2; TM, transmembrane domain; CT, cytoplasmic tail.
Arrows denote protease cleavage sites. (B) Side and top views of the prefusion structure of the
2019-nCoV S protein with a single RBD in the up conformation. The two RBD down protomers are shown
as cryo-EM density in either white or gray and the RBD up protomer is shown in ribbons colored
corresponding to the schematic in (A).
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Vaccines may protect LRT, but not URT
▸ Vaccines given intramuscularly are not 

expected to induce potent URT immunity 

▸ In a preclinical trial, the AstraZeneca 
vaccine gave robust protection to LRT 

▸ But there was no difference in virus in 
URT vs. controls 

▸ This is why we are concerned about 
transmission in vaccinated people

Nature | Vol 586 | 22 October 2020 | 581

second dose of ChAdOx1 nCoV-19, in line with results reported in a previ-
ously published study, in which a homologous prime–boost regimen 
with malaria vaccine candidate ChAd63 ME-TRAP was used8. A small 
decrease in spike- and vector-specific antibody titres was observed 
between 14 days before challenge and the day of challenge in the 
prime–boost group. Longitudinal preclinical and clinical studies will 
investigate whether this decline in antibody titre is significant over time.

Two recently published SARS-CoV-2 vaccine studies in NHPs showed 
similar results: the first used a three-dose vaccination regimen of a 
high dose of whole inactivated SARS-CoV-2, which protected rhe-
sus macaques from SARS-CoV-2 pneumonia9; and the second used a 
two-dose vaccination regimen with a DNA vaccine that encodes the 
spike protein, which significantly reduced viral RNA presence in BAL 
fluid and nasal swabs10. These three studies were conducted at different 
locations using different protocols, and therefore a direct comparison 
is difficult. Animals were challenged with 1 × 106 TCID50 by the intratra-
cheal route9, with 1.1 × 104 plaque-forming units via the intratracheal and 
intranasal route10 or, in this study, with 2.6 × 106 TCID50 via intratracheal, 
intranasal, ocular and oral routes. The virus-neutralizing titres induced 
in vaccinated animals were similar between studies; vaccination with 
2 doses of ChAdOx1 nCoV-19 resulted in a median virus-neutralizing 
titre of 80 determined in an inhibitory concentration (IC)100 assay. In 
other studies, 3 doses of 6 µg inactivated SARS-CoV-2 and 2 doses of 
spike-encoding DNA resulted in median virus-neutralizing titres of 50 
and 74, respectively, measured in an IC50 assay. A priming vaccination 
with ChAdOx1 nCoV-19 resulted in virus-neutralizing titres similar to 
those obtained after inoculation of rhesus macaques with SARS-CoV-27. 
After vaccination with one or two doses of ChAdOx1 nCoV-19, the viral 
loads in BAL fluid and lung tissue of vaccinated animals were signifi-
cantly reduced, which suggests that vaccination prevents or strongly 
reduces virus replication in the lower respiratory tract. Despite this 
marked difference in virus replication in the lungs, we did not observe 
a reduction in viral shedding from the nose in either the prime-only or 
prime–boost regimen. Notably, viral RNA in nose swabs from vaccinated 

*
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Fig. 4 | Histological changes in lungs of rhesus macaques on 7 d.p.i. a, b, No 
histological changes were observed in the lungs of ChAdOx1 nCoV-19 prime (a) 
and prime–boost (b) vaccinated animals. c, Interstitial pneumonia with 
oedema (asterisk), type-II pneumocyte hyperplasia (arrowheads) and syncytial 
cells (arrow) in control animals. d, e, No SARS-CoV-2 nucleoprotein antigen was 
detected by immunohistochemistry in the lungs of ChAdOx1 nCoV-19 

prime-vaccinated (d) and prime–boost-vaccinated (e) animals. f, SARS-CoV-2 
antigen (visible as red–brown staining) was detected by immunohistochemistry  
in type-I and type-II pneumocytes in the lungs of control animals. For each 
animal, 18 sections taken from 6 different lung lobes were evaluated; a 
representative lesion from each group is shown. Magnification, 400×; scale 
bars, 20 µm.

1 2 3 4 5

C
lin

ic
al

 s
co

re

6 7
0

15

10

5

3 5
Time (days after inoculation)Time (days after inoculation)

3 5

*

gR
N

A
 lo

ad
 in

 n
os

e 
sw

ab
s

(lo
g 10

[c
op

ie
s 

pe
r m

l])
4

2

6

8

gRNA sgRNA

Vi
ra

l l
oa

d 
in

 lu
ng

 ti
ss

ue
s

(lo
g 10

[c
op

ie
s 

pe
r m

l])

0

2

10

8

6

4

**
****

****
****

** ** * *
*

*

** **
**

3 5
Time (days after inoculation) Time (days after inoculation)

gR
N

A
 lo

ad
 in

 B
A

L 
!u

id
(lo

g 10
[c

op
ie

s 
pe

r m
l])

710 3 5 710

4

2

6

8

a b

c d

ChAdOx1 nCoV-19 prime
ChAdOx1 nCoV-19 prime–boost
ChAdOx1 GFP

sg
R

N
A

 lo
ad

 in
 B

A
L 

!u
id

(lo
g 10

[c
op

ie
s 

pe
r m

l])

4

2

6

8

sg
R

N
A

 lo
ad

 in
 n

os
e 

sw
ab

s
(lo

g 10
[c

op
ie

s 
pe

r m
l])

4

2

6

8

Fig. 3 | Clinical signs and viral load in rhesus macaques inoculated with 
SARS-CoV-2 after vaccination with ChAdOx1 nCoV-19. a, Clinical score in 
NHPs. Boxes show the 25th to 75th percentiles, the centre line is the median and 
whiskers range from the 5th to 95th percentiles. n = 6 animals per group were 
analysed in two independent experiments. P values for the indicated 
comparisons were as follows: P = 0.0238 (prime and control, 4 d.p.i.); P = 0.0043 
(prime–boost and control, 4 d.p.i.); P = 0.0043 (prime and control, 5 d.p.i.); 
P = 0.0152 (prime and control, 6 d.p.i.); P = 0.0022 (prime and control, 7 d.p.i.). 
b, c, Viral load in BAL fluid (b) (*P = 0.0152; **P = 0.0022) and nose swabs (c) 
obtained from rhesus macaques. d, Viral load in lung tissue. n = 6 lung lobes of 
six animals per group analysed in two independent experiments. **P = 0.0011; 
****P < 0.0001. The dotted line indicates the limit of detection. Statistical 
significance was determined using two-tailed Mann–Whitney U-tests.
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prime-vaccinated (d) and prime–boost-vaccinated (e) animals. f, SARS-CoV-2 
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in type-I and type-II pneumocytes in the lungs of control animals. For each 
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Fig. 3 | Clinical signs and viral load in rhesus macaques inoculated with 
SARS-CoV-2 after vaccination with ChAdOx1 nCoV-19. a, Clinical score in 
NHPs. Boxes show the 25th to 75th percentiles, the centre line is the median and 
whiskers range from the 5th to 95th percentiles. n = 6 animals per group were 
analysed in two independent experiments. P values for the indicated 
comparisons were as follows: P = 0.0238 (prime and control, 4 d.p.i.); P = 0.0043 
(prime–boost and control, 4 d.p.i.); P = 0.0043 (prime and control, 5 d.p.i.); 
P = 0.0152 (prime and control, 6 d.p.i.); P = 0.0022 (prime and control, 7 d.p.i.). 
b, c, Viral load in BAL fluid (b) (*P = 0.0152; **P = 0.0022) and nose swabs (c) 
obtained from rhesus macaques. d, Viral load in lung tissue. n = 6 lung lobes of 
six animals per group analysed in two independent experiments. **P = 0.0011; 
****P < 0.0001. The dotted line indicates the limit of detection. Statistical 
significance was determined using two-tailed Mann–Whitney U-tests.
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van doremalen et al nature 2020:  https://doi.org/10.1038/s41586-020-2608-y

https://doi.org/10.1038/s41586-020-2608-y


What is “protection?”
▸ Vaccines can “protect” against many things — note how this is defined! 

▸ Individual-level protection 

▸ Against any infection, with or without symptoms 

▸ Against any symptomatic illness 

▸ Against severe disease, hospitalization, or death 

▸ Population-level protection 

▸ Are vaccinated people less likely to infect others?



COULD VACCINATED 
PEOPLE TRANSMIT?



Can people with post-vaccination infections transmit SARS-CoV-2?

▸ Is viral load in vaccinees lower than in 
unvaccinated? (Sequencing implications) 

▸ July 2021: outbreak in Provincetown 
associated with large gatherings 

▸ 346 of 469 (74%) fully vaccinated 

▸ CDC and local public health changed mask 
recommendations 

▸ Other outbreaks involving transmission from 
vaccinated persons have since been described

Morbidity and Mortality Weekly Report

MMWR / August 6, 2021 / Vol. 70 / No. 31 1059US Department of Health and Human Services/Centers for Disease Control and Prevention

Outbreak of SARS-CoV-2 Infections, Including COVID-19 Vaccine 
Breakthrough Infections, Associated with Large Public Gatherings — 

Barnstable County, Massachusetts, July 2021
Catherine M. Brown, DVM1; Johanna Vostok, MPH1; Hillary Johnson, MHS1; Meagan Burns, MPH1; Radhika Gharpure, DVM2; Samira Sami, DrPH2; 

Rebecca T. Sabo, MPH2; Noemi Hall, PhD2; Anne Foreman, PhD2; Petra L. Schubert, MPH1; Glen R. Gallagher PhD1; Timelia Fink1; 
Lawrence C. Madoff, MD1; Stacey B. Gabriel, PhD3; Bronwyn MacInnis, PhD3; Daniel J. Park, PhD3; Katherine J. Siddle, PhD3; Vaira Harik, MS4; 

Deirdre Arvidson, MSN4; Taylor Brock-Fisher, MSc5; Molly Dunn, DVM5; Amanda Kearns5; A. Scott Laney, PhD2

On July 30, 2021, this report was posted as an MMWR Early 
Release on the MMWR website (https://www.cdc.gov/mmwr). 

During July 2021, 469 cases of COVID-19 associated 
with multiple summer events and large public gatherings in 
a town in Barnstable County, Massachusetts, were identified 
among Massachusetts residents; vaccination coverage among 
eligible Massachusetts residents was 69%. Approximately 
three quarters (346; 74%) of cases occurred in fully vac-
cinated persons (those who had completed a 2-dose course 
of mRNA vaccine [Pfizer-BioNTech or Moderna] or had 
received a single dose of Janssen [Johnson & Johnson] vac-
cine ≥14 days before exposure). Genomic sequencing of 
specimens from 133 patients identified the B.1.617.2 (Delta) 
variant of SARS-CoV-2, the virus that causes COVID-19, in 
119 (89%) and the Delta AY.3 sublineage in one (1%). Overall, 
274 (79%) vaccinated patients with breakthrough infection 
were symptomatic. Among five COVID-19 patients who 
were hospitalized, four were fully vaccinated; no deaths were 
reported. Real-time reverse transcription–polymerase chain 
reaction (RT-PCR) cycle threshold (Ct) values in specimens 
from 127 vaccinated persons with breakthrough cases were 
similar to those from 84 persons who were unvaccinated, not 
fully vaccinated, or whose vaccination status was unknown 
(median = 22.77 and 21.54, respectively). The Delta variant 
of SARS-CoV-2 is highly transmissible (1); vaccination is the 
most important strategy to prevent severe illness and death. 
On July 27, CDC recommended that all persons, including 
those who are fully vaccinated, should wear masks in indoor 
public settings in areas where COVID-19 transmission is high 
or substantial.* Findings from this investigation suggest that 
even jurisdictions without substantial or high COVID-19 
transmission might consider expanding prevention strategies, 
including masking in indoor public settings regardless of vac-
cination status, given the potential risk of infection during 
attendance at large public gatherings that include travelers 
from many areas with differing levels of transmission.

During July 3–17, 2021, multiple summer events and large 
public gatherings were held in a town in Barnstable County, 

* https://www.cdc.gov/coronavirus/2019-ncov/vaccines/fully-vaccinated.html

Massachusetts, that attracted thousands of tourists from across 
the United States. Beginning July 10, the Massachusetts 
Department of Public Health (MA DPH) received reports of 
an increase in COVID-19 cases among persons who reside in 
or recently visited Barnstable County, including in fully vac-
cinated persons. Persons with COVID-19 reported attending 
densely packed indoor and outdoor events at venues that 
included bars, restaurants, guest houses, and rental homes. On 
July 3, MA DPH had reported a 14-day average COVID-19 
incidence of zero cases per 100,000 persons per day in residents 
of the town in Barnstable County; by July 17, the 14-day 
average incidence increased to 177 cases per 100,000 persons 
per day in residents of the town (2).

During July 10–26, using travel history data from the 
state COVID-19 surveillance system, MA DPH identified 
a cluster of cases among Massachusetts residents. Additional 
cases were identified by local health jurisdictions through case 
investigation. COVID-19 cases were matched with the state 
immunization registry. A cluster-associated case was defined 
as receipt of a positive SARS-CoV-2 test (nucleic acid ampli-
fication or antigen) result ≤14 days after travel to or residence 
in the town in Barnstable County since July 3. COVID-19 
vaccine breakthrough cases were those in fully vaccinated 
Massachusetts residents (those with documentation from the 
state immunization registry of completion of COVID-19 
vaccination as recommended by the Advisory Committee 
on Immunization Practices,† ≥14 days before exposure). 
Specimens were submitted for whole genome sequencing§ 
to either the Massachusetts State Public Health Laboratory 
or the Broad Institute of the Massachusetts Institute of 

 † As of May 2021, ACIP recommended that all adults aged ≥18 years receive any 
of the three COVID-19 vaccines available in the United States via Emergency 
Use Authorization from the Food and Drug Administration, including Pfizer-
BioNTech, Moderna, and Janssen; persons aged ≥12 years are eligible to receive 
the Pfizer-BioNTech COVID-19 vaccine. Full vaccination is defined as receipt 
of 2 doses of the Pfizer-BioNTech or Moderna COVID-19 vaccines or 1 dose 
of Janssen COVID-19 vaccine ≥14 days before exposure.

 § Genomic sequencing was performed using Illumina NovaSeq using the NEB 
LunaScript RT ARTIC SARS-CoV-2 Kit. Novel mutations were not identified 
in the spike protein of the cluster-associated genomes compared with genomes 
collected during the same period from ongoing genomic surveillance efforts 
at Broad Institute. Raw and assembled genomic data are publicly available 
under NCBI BioProject PRJNA715749.

Morbidity and Mortality Weekly Report
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FIGURE 1. SARS-CoV-2 infections (N = 469) associated with large public gatherings, by date of specimen collection and vaccination status* — 
Barnstable County, Massachusetts, July 2021

Abbreviation: MA DPH = Massachusetts Department of Public Health.
* Fully vaccinated was defined as ≥14 days after completion of state immunization registry–documented COVID-19 vaccination as recommended by the Advisory 

Committee on Immunization Practices.
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Discussion

The SARS-CoV-2 Delta variant is highly transmissible (1), and 
understanding determinants of transmission, including human 
behavior and vaccine effectiveness, is critical to developing pre-
vention strategies. Multipronged prevention strategies are needed 
to reduce COVID-19–related morbidity and mortality (4). 

The findings in this report are subject to at least four limita-
tions. First, data from this report are insufficient to draw con-
clusions about the effectiveness of COVID-19 vaccines against 
SARS-CoV-2, including the Delta variant, during this outbreak. 
As population-level vaccination coverage increases, vaccinated per-
sons are likely to represent a larger proportion of COVID-19 cases. 
Second, asymptomatic breakthrough infections might be under-
represented because of detection bias. Third, demographics of cases 
likely reflect those of attendees at the public gatherings, as events 
were marketed to adult male participants; further study is under-
way to identify other population characteristics among cases, such 
as additional demographic characteristics and underlying health 
conditions including immunocompromising conditions.*** 

 *** A preliminary analysis matching cluster-associated COVID-19 cases with 
the state HIV case surveillance data identified 30 (6%) cases with verified 
HIV infection; all were virally suppressed, and none were hospitalized as a 
result of infection with SARS-CoV-2.

MA DPH, CDC, and affected jurisdictions are collaborat-
ing in this response; MA DPH is conducting additional case 
investigations, obtaining samples for genomic sequencing, and 
linking case information with laboratory data and vaccination 
history. Finally, Ct values obtained with SARS-CoV-2 qualita-
tive RT-PCR diagnostic tests might provide a crude correla-
tion to the amount of virus present in a sample and can also 
be affected by factors other than viral load.††† Although the 
assay used in this investigation was not validated to provide 
quantitative results, there was no significant difference between 
the Ct values of samples collected from breakthrough cases and 
the other cases. This might mean that the viral load of vac-
cinated and unvaccinated persons infected with SARS-CoV-2 
is also similar. However, microbiological studies are required 
to confirm these findings.

Event organizers and local health jurisdictions should con-
tinually assess the need for additional measures, including 
limiting capacity at gatherings or event postponement, based 
on current rates of COVID-19 transmission, population vacci-
nation coverage, and other factors.§§§ On July 27, CDC released 

 ††† https://www.cdc.gov/coronavirus/2019-ncov/lab/faqs.html
 §§§ https://www.cdc.gov/coronavirus/2019-ncov/community/large-events/

considerations-for-events-gatherings.html

brown et al. mmwr 6 aug 2021 doi:10.15585/mmwr.mm7031e2



Proportion of VOCs among Wisconsin sequences in GISAID per week

Delta prevalence in Wisconsin increased dramatically in July

▸ We examined n=699 specimens collected 
28 June – 31 July 2021 

▸ Estimated prevalence of Delta lineages 
increased from 69%–95% 

▸ 110 of 122 samples we sequenced (90%) 
were Delta 

▸ A single contract lab performed PCR 
testing on all 699 specimens

kelsey florek: https://dataportal.slh.wisc.edu/sc2dashboard
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Ct values from CDC N1 RT-qPCR assay performed by a single Wisconsin commercial lab

Fully vaccinated and unvaccinated have similar Ct values
▸ Threshold cycle (Ct) in PCR test gives an 

estimate of viral RNA level 

▸ No significant difference in Ct value by 
vaccine status 

▸ Fully vaccinated and unvaccinated 
individuals had similar viral loads 

▸ 212 of 310 people with post-vaccination 
infections (68%) had Ct <25

kasen riemersmaarons et al 2020 10.1056/NEJMoa2008457   |   singanayagam et al 2021 10.2807/1560-7917.ES.2020.25.32.2001483
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Plaque assay on Vero E6 TMPRSS2

Vaccinated and unvaccinated have similar infectious virus titers

▸ Inoculated specimens with Ct < 25 onto a 
“lawn” of cells in culture 

▸ Specimens had undergone a freeze-thaw 

▸ Where virus infects cells, “plaques” form in 
the cell “lawn” 

▸ Vaccinated and unvaccinated people have 
similar levels of infectious virus.

peter halfmann
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Plaque assay on Vero E6 TMPRSS2

Vaccinated and unvaccinated have similar infectious virus titers

▸ Inoculated specimens with Ct < 25 onto a 
“lawn” of cells in culture 

▸ Specimens had undergone a freeze-thaw 

▸ Where virus infects cells, “plaques” form in 
the cell “lawn” 

▸ Vaccinated and unvaccinated people have 
similar levels of infectious virus.

peter halfmann

p=0.23

n=389 n=310

p=0.74

n=232 n=225 n=24 n=11 n=133 n=74

p=0.05
p=0.82

BA

C

n=24 n=23

p=0.69Fully vaccinated individuals 
infected with Delta variants 
frequently have high viral loads 
and can shed infectious virus.



Symptoms reported on interview at sample intake

Ct values are similar in vaccinated and unvaccinated, regardless of symptom status

▸ Data on symptom status at the time of 
testing were available for 492 of 699 

▸ In unvaccinated and fully vaccinated 
individuals Ct values were similar, 
regardless of symptom status 

▸ No info on specific symptoms or severity 

▸ At least 8 fully vaccinated individuals 
were asymptomatic with Ct <25

kasen riemersma, hannah segaloff
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Both vaccinated and unvaccinated seek testing within ~2 days
▸ Do vaccinated people wait longer to be 

tested? 

▸ Median time to testing is 2 days for both 
vaccinated and unvaccinated 

▸ 91% of specimens were collected within 6 
days of illness onset 

▸ Findings unlikely to be biased by 
differences in test-seeking behavior for 
people with symptoms

kasen riemersma, hannah segaloff

Two-sided K-S test: p=0.49



Individuals with post-vaccination infection can transmit Delta
▸ Within 6 days of illness onset, Ct values are similar in fully vaccinated and 

unvaccinated individuals 

▸ In our study 68% of fully vaccinated individuals had Ct <25 at the time of testing, 
including 8 of 12 who reported no symptoms 

▸ Infectious virus was present at similar levels in vaccinated and unvaccinated 

▸ Our study and others show that vaccinated individuals can transmit Delta, perhaps 
even without symptoms, and should take precautions accordingly

https://www.medrxiv.org/content/10.1101/2021.07.31.21261387v3







DOES VACCINATION 
REDUCE TRANSMISSION?



Vaccine effectiveness from a test-negative study in the UK, Dec 2020 - May 2021

COVID-19 vaccines prevent infection with Delta*
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CONCLUSIONS
Two doses of the BNT162b2 or ChAdOx1 nCoV-19 vaccine 
were highly effective against the delta variant of SARS-
CoV-2, although slightly less so than against the alpha 
variant.

Research Summary

Clinical Problem

The B.1.617.2 (delta) variant of SARS-CoV-2 became the 
dominant variant in India as of mid-April 2021, amid a 
Covid-19 surge there, and has spread rapidly around the 
world. The effectiveness of available vaccines in prevent-
ing symptomatic disease with this variant is unknown.

Clinical Trial

Design: A test-negative case–control study was conduct-
ed to estimate the effectiveness of the BNT162b2 (Pfizer– 
BioNTech) and ChAdOx1 nCoV-19 (AstraZeneca) vac-
cines against symptomatic disease from the delta vari-
ant of SARS-CoV-2.

Methods: Researchers examined data from symptomatic 
persons 16 years of age or older who underwent 
Covid-19 testing in England between October 2020 and 
May 2021. To estimate vaccine effectiveness, they as-
sessed vaccination status in 4272 persons who tested 
positive for the delta variant and in 14,837 who tested 
positive for the B.1.1.7 (alpha) variant (the predominant 
strain in England at the time), as compared with 
test-negative controls.

Results

Effectiveness: After one dose of either vaccine, the esti-
mated effectiveness was lower against delta than against 
alpha. After two doses, however, vaccine effectiveness 
was high, with only modest differences between the 
variants. The effectiveness of two doses against delta 
was lower with ChAdOx1 nCoV-19 than with BNT162b2.

Limitations and Remaining Questions

∎ How well do Covid-19 vaccines protect against severe 
disease, including hospitalization and death, from in-
fection with the delta variant?

Links: Full Article | NEJM Quick Take | Editorial

Effectiveness of Covid-19 Vaccines  
against the B.1.617.2 (Delta) Variant

Lopez Bernal J et al. DOI: 10.1056/NEJMoa2108891
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world. The effectiveness of available vaccines in prevent-
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Clinical Trial

Design: A test-negative case–control study was conduct-
ed to estimate the effectiveness of the BNT162b2 (Pfizer– 
BioNTech) and ChAdOx1 nCoV-19 (AstraZeneca) vac-
cines against symptomatic disease from the delta vari-
ant of SARS-CoV-2.

Methods: Researchers examined data from symptomatic 
persons 16 years of age or older who underwent 
Covid-19 testing in England between October 2020 and 
May 2021. To estimate vaccine effectiveness, they as-
sessed vaccination status in 4272 persons who tested 
positive for the delta variant and in 14,837 who tested 
positive for the B.1.1.7 (alpha) variant (the predominant 
strain in England at the time), as compared with 
test-negative controls.

Results

Effectiveness: After one dose of either vaccine, the esti-
mated effectiveness was lower against delta than against 
alpha. After two doses, however, vaccine effectiveness 
was high, with only modest differences between the 
variants. The effectiveness of two doses against delta 
was lower with ChAdOx1 nCoV-19 than with BNT162b2.

Limitations and Remaining Questions

∎ How well do Covid-19 vaccines protect against severe 
disease, including hospitalization and death, from in-
fection with the delta variant?

Links: Full Article | NEJM Quick Take | Editorial

Effectiveness of Covid-19 Vaccines  
against the B.1.617.2 (Delta) Variant

Lopez Bernal J et al. DOI: 10.1056/NEJMoa2108891

summary of lopez bernal et al nejm 2021. https://www.nejm.org/doi/10.1056/NEJMoa2108891

*Though effectiveness is waning -- more on this later



REACT study: participants randomly selected for self-swabbing

Some positive vaccinees may have very low virus loads.
▸ The UK REACT study rounds 12–13, 20 

May – 12 July 2021 

▸ Very high Delta prevalence 

▸ Disproportionate number of positives 
with high Ct values among vaccinees 

▸ Could these be asymptomatic infections 
despite vaccination? 

https://spiral.imperial.ac.uk/bitstream/10044/1/90800/2/react1_r13_final_preprint_final.pdf

unvaccinated

fully vaccinated



SARS-CoV-2 Delta replication kinetics in vaccinated and unvaccinated

Vaccinees likely control SARS-CoV-2 faster
▸ Multi-center study in Singapore 

measured viral load kinetics among  
persons infected with Delta despite 
full vaccination 

▸ Compared to retrospective study of 
Delta viral load kinetics among 
unvaccinated persons 

▸ Ct values diverge 6-7 days after 
illness onset

chia et al 2021: www.medrxiv.org/content/10.1101/2021.07.28.21261295v1



Public Health England study: testing contacts of infected individuals

Vaccination reduces rates of transmission to contacts
▸ Compared risk of SARS-CoV-2 

transmission in vaccinated vs. 
unvaccinated 

▸ Top: vaccinated index cases less likely to 
transmit to contacts 

▸ Bottom: vaccinated contacts less likely to 
get infected from index 

▸ Note: protection wanes with time after 
vaccination!
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Figure 1. Estimated probability of a positive PCR test in contacts by time since second 414 

vaccination in index cases (panel A) and in contacts (panel B), variant, and vaccine type. 415 

For panel A estimates are displayed for an unvaccinated contact and for panel B for an 416 

unvaccinated index case. The relationships shown also apply to vaccinated contacts and 417 

cases, as the underlying odds ratios are independent of contact and case vaccine status 418 

respectively, however absolute probabilities differ. The dashed horizontal lines indicate the 419 
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Public Health England study: testing contacts of infected individuals
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COVID-19 vaccines reduce 
transmission of SARS-CoV-2! 
But, vaccinated people who 
become infected may still 
transmit the virus to others.



Vaccination and SARS-CoV-2 transmission: questions
▸ Why does vaccine breakthrough happen? Viral immune escape, weak immune 

response, or a combination of factors? 

▸ What is the role of fully vaccinated individuals in transmission? Answers may differ by 
location, depending on factors like vaccination rates, local patterns of transmission, etc. 

▸ Can boosters reduce breakthrough infections and transmission from the vaccinated?



DOES IMMUNITY 
WANE WITH TIME?



Test-negative study from Israel: do people with COVID-like symptoms have SARS-CoV-2?

Protection wanes with time since full vaccination
▸ SARS-CoV-2 rates compared in 33,993 fully 

vaccinated adults (Pfizer) between May 15 
and July 26, 2021 

▸ Median time since vaccination = 146 days 

▸ ~90% delta during this time period 

▸ Significantly higher rates of infection in those 
fully vaccinated < 146 days prior 

▸ How to disentangle waning immunity from 
delta immune escape?

israel et al, medrxiv 2021. https://www.medrxiv.org/content/10.1101/2021.08.03.21261496v1



Retrospective study of individuals receiving Pfizer vaccine via Kaiser Permanente

It’s not just Delta.
▸ SARS-CoV-2 rates compared in 3.4 million 

people receiving care from Kaiser, 14 Dec 
2020 through 8 Aug 2021 

▸ Viral sequencing available in a subset 

▸ Vaccine effectiveness against infection 
wanes with time for all viruses, including 
Delta.

tartof et al, lancet 2021. https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)02183-8/fulltext
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observed among older people (≥65 years) roughly 
6 months after receiving the second dose of BNT162b2.31 
Thus, long-term effectiveness data against severe 
outcomes should be continuously monitored in our 
study population and globally.

Effectiveness of BNT162b2 against infections caused by 
the delta variant, which became the predominant strain 
in KPSC by July, 2021, was 75% (95% CI 71–78) over the 
study period. Effectiveness against delta infections at 
1 month after being fully vaccinated was high at 93% 
(85–97) but fell to 53% (39–65) up to 5 months after being 
fully vaccinated. Effectiveness against other (non-delta) 
variants within 1 month of being fully vaccinated was 
also high at 97% (95–99) and also waned, to 67% (45–80) 
up to 5 months after being fully vaccinated. Effectiveness 
against delta-related hospital admissions over the entire 
study period was high, at 93% (84–96) and was similar to 
effectiveness against hospital admissions for other 
(non-delta) variants. These findings are consistent with 
reports from the USA24,26,27 and Qatar.23 Our variant-
specific analyses suggest that reductions in vaccine 
effectiveness over time are likely to be primarily due to 
waning vaccine effectiveness rather than the delta variant 
escaping vaccine protection given that vaccine 

effectiveness against delta infections was more 
than 90% soon after vaccination, vaccine effectiveness 
against delta and other variants for hospital admissions 
was very high over the entire study period, and reductions 
in vaccine effectiveness against infection by time since 
being fully vaccinated were observed irrespective of the 
variant. We did not observe a difference in waning 
between variant types; however, the number of events at 
3–4 months was low for analyses by variant. As such, 
analyses with longer follow-up to measure the 
rate of waning for the delta versus other variants are 
warranted. Related to our findings, studies from Canada9 
and the UK14,15 have shown high effectiveness of BNT162b2 
against symptomatic COVID-19 caused by the delta 
variant in a vaccine schedule that separates the first and 
second doses by 2–3 months instead of 3 weeks. This 
longer interval between doses could lead to higher 
immunological responses;32,33 however, duration of follow-
up in these studies (<3 months)9,14,15 was insufficient to 
establish the effects of waning. Moreover, given the lower 
effectiveness after only one dose observed in our study 
and in other reports of one-dose effectiveness against 
variants of concern like beta or delta,14,17,23 delaying the 
second dose is not without risk.

Our results reiterate in a real-world US setting that 
vaccination with BNT162b2 remains an essential tool for 
preventing COVID-19, especially COVID-19-associated 
hospital admissions, caused by all current variants of 
concern. Along with other emerging evidence,9,14–16,23 
our results suggest that despite early effectiveness of 
BNT162b2 against delta and other variants of concern, 
effectiveness against infection erodes steadily in the 
months after receipt of the second dose. Waning 
effectiveness and an increased number of infections 
6–12 months after the second dose—along with the 
potential need for booster doses—was expected given 
that lower neutralising antibody titres during this time 
period have been observed in immunogenicity studies.34–36 

Figure 2: Adjusted estimated vaccine effectiveness against SARS-CoV-2 
infection and hospital admissions
Vaccine effectiveness (95% CI) against SARS-CoV-2 infection (A) and COVID-19 
hospital admission (B) by age group and number of months since being fully 
vaccinated with BNT162b2. *BNT162b2 authorised for those aged 12–15 years in 
May, 2021, limiting follow-up time for this age group.
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Figure 3: Adjusted estimated vaccine effectiveness against SARS-CoV-2 
infection by variant
Data are shown for number of months since being fully vaccinated with 
BNT162b2 with 95% CIs. 
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Retrospective study of individuals receiving Pfizer vaccine via Kaiser Permanente

Protection against severe disease persists!
▸ Stratified participants by age group and 

assessed vaccine effectiveness against 
infection (testing positive) and severe 
disease (hospitalization) 

▸ Overall vaccine effectiveness wanes with 
time, in all age groups (less so in 12-15?) 

▸ Protection against hospitalization 
remains strong!

tartof et al, lancet 2021. https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)02183-8/fulltext
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observed among older people (≥65 years) roughly 
6 months after receiving the second dose of BNT162b2.31 
Thus, long-term effectiveness data against severe 
outcomes should be continuously monitored in our 
study population and globally.

Effectiveness of BNT162b2 against infections caused by 
the delta variant, which became the predominant strain 
in KPSC by July, 2021, was 75% (95% CI 71–78) over the 
study period. Effectiveness against delta infections at 
1 month after being fully vaccinated was high at 93% 
(85–97) but fell to 53% (39–65) up to 5 months after being 
fully vaccinated. Effectiveness against other (non-delta) 
variants within 1 month of being fully vaccinated was 
also high at 97% (95–99) and also waned, to 67% (45–80) 
up to 5 months after being fully vaccinated. Effectiveness 
against delta-related hospital admissions over the entire 
study period was high, at 93% (84–96) and was similar to 
effectiveness against hospital admissions for other 
(non-delta) variants. These findings are consistent with 
reports from the USA24,26,27 and Qatar.23 Our variant-
specific analyses suggest that reductions in vaccine 
effectiveness over time are likely to be primarily due to 
waning vaccine effectiveness rather than the delta variant 
escaping vaccine protection given that vaccine 

effectiveness against delta infections was more 
than 90% soon after vaccination, vaccine effectiveness 
against delta and other variants for hospital admissions 
was very high over the entire study period, and reductions 
in vaccine effectiveness against infection by time since 
being fully vaccinated were observed irrespective of the 
variant. We did not observe a difference in waning 
between variant types; however, the number of events at 
3–4 months was low for analyses by variant. As such, 
analyses with longer follow-up to measure the 
rate of waning for the delta versus other variants are 
warranted. Related to our findings, studies from Canada9 
and the UK14,15 have shown high effectiveness of BNT162b2 
against symptomatic COVID-19 caused by the delta 
variant in a vaccine schedule that separates the first and 
second doses by 2–3 months instead of 3 weeks. This 
longer interval between doses could lead to higher 
immunological responses;32,33 however, duration of follow-
up in these studies (<3 months)9,14,15 was insufficient to 
establish the effects of waning. Moreover, given the lower 
effectiveness after only one dose observed in our study 
and in other reports of one-dose effectiveness against 
variants of concern like beta or delta,14,17,23 delaying the 
second dose is not without risk.

Our results reiterate in a real-world US setting that 
vaccination with BNT162b2 remains an essential tool for 
preventing COVID-19, especially COVID-19-associated 
hospital admissions, caused by all current variants of 
concern. Along with other emerging evidence,9,14–16,23 
our results suggest that despite early effectiveness of 
BNT162b2 against delta and other variants of concern, 
effectiveness against infection erodes steadily in the 
months after receipt of the second dose. Waning 
effectiveness and an increased number of infections 
6–12 months after the second dose—along with the 
potential need for booster doses—was expected given 
that lower neutralising antibody titres during this time 
period have been observed in immunogenicity studies.34–36 

Figure 2: Adjusted estimated vaccine effectiveness against SARS-CoV-2 
infection and hospital admissions
Vaccine effectiveness (95% CI) against SARS-CoV-2 infection (A) and COVID-19 
hospital admission (B) by age group and number of months since being fully 
vaccinated with BNT162b2. *BNT162b2 authorised for those aged 12–15 years in 
May, 2021, limiting follow-up time for this age group.
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Figure 3: Adjusted estimated vaccine effectiveness against SARS-CoV-2 
infection by variant
Data are shown for number of months since being fully vaccinated with 
BNT162b2 with 95% CIs. 
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https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)02183-8/fulltext


Retrospective study of individuals receiving Pfizer vaccine via Kaiser Permanente

Protection against severe disease persists!
▸ Stratified participants by age group and 

assessed vaccine effectiveness against 
infection (testing positive) and severe 
disease (hospitalization) 

▸ Overall vaccine effectiveness wanes with 
time, in all age groups (less so in 12-15?) 

▸ Protection against hospitalization 
remains strong!

tartof et al, lancet 2021. https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)02183-8/fulltext

Articles

www.thelancet.com   Published online October 4, 2021   https://doi.org/10.1016/S0140-6736(21)02183-8 7

observed among older people (≥65 years) roughly 
6 months after receiving the second dose of BNT162b2.31 
Thus, long-term effectiveness data against severe 
outcomes should be continuously monitored in our 
study population and globally.

Effectiveness of BNT162b2 against infections caused by 
the delta variant, which became the predominant strain 
in KPSC by July, 2021, was 75% (95% CI 71–78) over the 
study period. Effectiveness against delta infections at 
1 month after being fully vaccinated was high at 93% 
(85–97) but fell to 53% (39–65) up to 5 months after being 
fully vaccinated. Effectiveness against other (non-delta) 
variants within 1 month of being fully vaccinated was 
also high at 97% (95–99) and also waned, to 67% (45–80) 
up to 5 months after being fully vaccinated. Effectiveness 
against delta-related hospital admissions over the entire 
study period was high, at 93% (84–96) and was similar to 
effectiveness against hospital admissions for other 
(non-delta) variants. These findings are consistent with 
reports from the USA24,26,27 and Qatar.23 Our variant-
specific analyses suggest that reductions in vaccine 
effectiveness over time are likely to be primarily due to 
waning vaccine effectiveness rather than the delta variant 
escaping vaccine protection given that vaccine 

effectiveness against delta infections was more 
than 90% soon after vaccination, vaccine effectiveness 
against delta and other variants for hospital admissions 
was very high over the entire study period, and reductions 
in vaccine effectiveness against infection by time since 
being fully vaccinated were observed irrespective of the 
variant. We did not observe a difference in waning 
between variant types; however, the number of events at 
3–4 months was low for analyses by variant. As such, 
analyses with longer follow-up to measure the 
rate of waning for the delta versus other variants are 
warranted. Related to our findings, studies from Canada9 
and the UK14,15 have shown high effectiveness of BNT162b2 
against symptomatic COVID-19 caused by the delta 
variant in a vaccine schedule that separates the first and 
second doses by 2–3 months instead of 3 weeks. This 
longer interval between doses could lead to higher 
immunological responses;32,33 however, duration of follow-
up in these studies (<3 months)9,14,15 was insufficient to 
establish the effects of waning. Moreover, given the lower 
effectiveness after only one dose observed in our study 
and in other reports of one-dose effectiveness against 
variants of concern like beta or delta,14,17,23 delaying the 
second dose is not without risk.

Our results reiterate in a real-world US setting that 
vaccination with BNT162b2 remains an essential tool for 
preventing COVID-19, especially COVID-19-associated 
hospital admissions, caused by all current variants of 
concern. Along with other emerging evidence,9,14–16,23 
our results suggest that despite early effectiveness of 
BNT162b2 against delta and other variants of concern, 
effectiveness against infection erodes steadily in the 
months after receipt of the second dose. Waning 
effectiveness and an increased number of infections 
6–12 months after the second dose—along with the 
potential need for booster doses—was expected given 
that lower neutralising antibody titres during this time 
period have been observed in immunogenicity studies.34–36 

Figure 2: Adjusted estimated vaccine effectiveness against SARS-CoV-2 
infection and hospital admissions
Vaccine effectiveness (95% CI) against SARS-CoV-2 infection (A) and COVID-19 
hospital admission (B) by age group and number of months since being fully 
vaccinated with BNT162b2. *BNT162b2 authorised for those aged 12–15 years in 
May, 2021, limiting follow-up time for this age group.
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Figure 3: Adjusted estimated vaccine effectiveness against SARS-CoV-2 
infection by variant
Data are shown for number of months since being fully vaccinated with 
BNT162b2 with 95% CIs. 

<1 1 to <2 2 to <3 3 to <4 ≥4
0

10

20

30

40

50

60

70

80

90

100

Ad
ju

st
ed

 es
tim

at
ed

 va
cc

in
e e
ffe

ct
iv

en
es

s (
%

)

Time since full vaccination (months)

Delta
Other variant
Failed sequencing

Variant

COVID vaccine effectiveness 
against any infection decreases 
with time. 
“Waning immunity” likely plays 
a key role. 

https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)02183-8/fulltext


SHOULD WE 
BOOST EVERYONE?



Vaccine boosters: experience from Israel
▸ Israel has had a strong vaccination campaign. Almost entirely Pfizer. 

▸ Over-60s who received their second dose of vaccine at least five months previously 
became eligible for a third dose (booster) 30 July 2021 

▸ Everyone over 12 became eligible for a third dose 30 August 2021 

▸ Data from first month of third dose program published in NEJM 15 September 2021 

doi:10.1056/NEJMoa2114255

https://www.nejm.org/doi/full/10.1056/NEJMoa2114255


Third dose of Pfizer vaccine reduces infection risk
▸ Over 1.1 million participants received 

second dose before 1 March 2021 

▸ Compared relative risk of infection 
using national test registry 

▸ Beginning 12 days after third dose: 

▸ 11.3-fold reduction in infections 

▸ 19.5-fold reduction in severe illness

bar-on et al, nejm 2021. https://www.nejm.org/doi/full/10.1056/NEJMoa2114255



Third doses reduce risk of severe illness
▸ Addition of third doses reduced 

severe illnesses relative to 2 doses 
and no vaccine in both older and 
younger individuals 

▸ Note that 2 doses still offer 
protection from severe disease

Rate of over-60s with severe illness per 100k by vaccine status

https://datadashboard.health.gov.il/COVID-19/general? (translated from Hebrew)

“Impulse” = third dose

week beginning

https://datadashboard.health.gov.il/COVID-19/general?


Third doses reduce risk of infections
▸ Addition of third doses reduced infections 

among both older and younger individuals 

▸ Second vaccine dose provides limited 
protection from infection in younger 
individuals

New test-positive cases per day per 100k in those under 60

https://datadashboard.health.gov.il/COVID-19/general? (translated from Hebrew)

“Impulse” = third dose

week beginning

https://datadashboard.health.gov.il/COVID-19/general?


Boosters of all authorized vaccines increase immunity

PFIZER/BIONTECH

MODERNA

JOHNSON & JOHNSON

https://www.theguardian.com/world/2021/jul/08/pfizer-covid-19-vaccine-booster-us
https://investors.modernatx.com/news-releases/news-release-details/moderna-announces-submission-initial-data-us-fda-its-covid-19
https://www.jnj.com/johnson-johnson-announces-real-world-evidence-and-phase-3-data-confirming-strong-and-long-lasting-protection-of-single-shot-covid-19-vaccine-in-the-u-s


Third doses can be effective at reducing transmission
▸ Israel is at 70% vaccinated more than seven months after reaching 50% 

▸ US is at 62% vaccinated more than four months after reaching 50% 

▸ Hospitalizations and deaths are concentrated in the unvaccinated  

▸ Adults are not being vaccinated quickly, except when motivated by employment or 
other mandates 

▸ Kids and immunocompromised remain at risk 

▸ A 90% reduction in transmission after third doses in the vaccine willing would reduce 
community transmission and risk to all



Global vaccine equity remains a challenge
▸ The vast majority of the >3bn vaccine doses 

given worldwide have been given in richer 
countries

who, un development program, oxford university: https://data.undp.org/vaccine-equity/



Global vaccine equity remains a challenge
▸ The vast majority of the >3bn vaccine doses 

given worldwide have been given in richer 
countries 

▸ Average annual health care expenditure per 
capita in low-income countries is $41 

▸ Average cost to deliver 2 vaccine doses is $35 

▸ Rich countries need to subsidize vaccine for 
lower-income countries, but challenges go 
beyond just vaccine supply.

who, un development program, oxford university: https://data.undp.org/vaccine-equity/



WILL WE NEED 
VACCINE UPDATES?



trevor bedford: https://bedford.io/talks/sars-cov-2-evolutionary-dynamics-vidd/#/24

https://bedford.io/talks/sars-cov-2-evolutionary-dynamics-vidd/#/24


Excess nonsynonymous (amino-acid-changing) mutations indicate adaptive evolution

Natural selection appears to be driving evolution of Spike S1

trevor bedford: https://bedford.io/talks/sars-cov-2-evolutionary-dynamics-vidd/#/36

https://bedford.io/talks/sars-cov-2-evolutionary-dynamics-vidd/#/36


Excess nonsynonymous (amino-acid-changing) mutations indicate adaptive evolution

Natural selection appears to be driving evolution of Spike S1

trevor bedford: https://bedford.io/talks/sars-cov-2-evolutionary-dynamics-vidd/#/36

SARS-CoV-2 is likely capable of 
influenza-like antigenic drift. 
Vaccine updates will probably 
be required in future.

https://bedford.io/talks/sars-cov-2-evolutionary-dynamics-vidd/#/36


Final thoughts
▸ SARS-CoV-2 is likely to become the most severe seasonal respiratory infection. Control 

efforts must continue to evolve along with the virus. 

▸ Two vaccine doses remain effective against severe disease, but protection against any 
infection wanes (half-life ~110 days?) and vaccinated people can transmit 

▸ “Remote” boosters enhance immunity and help prevent community spread—
particularly important in partially vaccinated communities below herd immunity? 

▸ Need to balance benefit of boosters with need to vaccinate the unvaccinated. Will 
wealthy countries increase funding to administer COVID-19 vaccines globally?


