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

▸ Vaccines approved, in the pipeline, and in the future 

▸ Intermission: Q&A 

▸ Tracking variants to understand SARS-CoV-2 spread in Wisconsin 

▸ What do emerging variants mean for the future of COVID-19? 

▸ 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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Spike protein detail



HOW DO COVID 
VACCINES WORK?



How could COVID vaccines be made so quickly?
▸ Technology for next-generation vaccines has been in development for decades. 

Candidates for Zika, Ebola have not advanced because outbreaks were controlled. 

▸ Understanding of SARS-CoV-2 builds on nearly 20 years’ experience thinking about 
emerging coronaviruses: “SARS Classic” and MERS-CoV 

▸ Vaccine development using new approaches could begin as soon as gene sequences 
were published, before labs had actual samples of SARS-CoV-2 

▸ Very large trial populations and high levels of SARS-CoV-2 transmission sped up 
clinical trial processes



Pfizer/BioNTech and Moderna vaccines use mRNA
▸ Genetically engineered messenger RNA 

encodes the Spike protein 

▸ RNA introduced into cells using a lipid 
particle that fuses with cell membranes 

▸ Once inside the cell, mRNA is decoded 
(translated) into Spike proteins 

▸ Spike proteins decorate the cell surface, 
where they can be bound by antibodies

Moderna (mRNA-1273) 

Lipid nanoparticle 

5' G AAA-   3' P P P Spike protein 

mRNA 

Biorender



Johnson & Johnson and AstraZeneca vaccines use viral vectors

▸ Spike protein gene introduced into DNA of 
an attenuated adenovirus 

▸ Adenovirus can infect cells near injection 
site, but cannot replicate further  

▸ Spike proteins are made along with 
adenovirus proteins 

▸ Spike proteins decorate the cell surface, 
where they can be bound by antibodies

Biorender
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Novavax uses a nanoparticle decorated with Spike proteins
▸ Spike proteins produced in insect cells 

and assembled onto a synthetic scaffold 

▸ Scaffolds display Spike to immune 
system and elicit antibodies  

▸ Novavax not yet approved

https://www.sciencemag.org/news/2020/11/will-small-long-shot-us-company-end-producing-best-coronavirus-vaccine

https://www.sciencemag.org/news/2020/11/will-small-long-shot-us-company-end-producing-best-coronavirus-vaccine


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 !"# | $$ October $%$% | 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 

*

a b c
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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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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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Vaccine: one dose

Vaccine: two doses
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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 THE NEAR-TERM 
OUTLOOK FOR VACCINES?



Current leading vaccine candidates

vaccine type adult efficacy notes

Pfizer/BioNTech mRNA ~95%
currently needs ultra-cold 

freezers

Moderna mRNA ~95%
6 weeks to achieve full 

immunity

Johnson & Johnson adenovirus 72%
single dose; easier storage than 

mRNA

AstraZeneca adenovirus 79% (?) not yet approved in US

Novavax protein 96%; 49% against B1.1351
currently in Phase 3; data in 

April



116 vaccines in development tracked by New York Times

https://www.nytimes.com/interactive/2020/science/coronavirus-vaccine-tracker.html 
https://www.nytimes.com/interactive/2020/us/covid-19-vaccine-doses.html

https://www.nytimes.com/interactive/2020/science/coronavirus-vaccine-tracker.html
https://www.nytimes.com/interactive/2020/us/covid-19-vaccine-doses.html




Vaccine prognostication
▸ Success of new vaccine approaches opens possibilities for developing future vaccines 

▸ Collaborative efforts on development show what science can do to respond to a crisis 

▸ Vaccine equity is a major issue for this and future pandemics 

▸ We are now in a race between vaccines and variants. Updates will be needed.



QUESTIONS ON 
VACCINES?



PART 2 
SARS-COV-2 VARIANTS



SARS-CoV-2 genomic epidemiology
▸ Mutations accumulate as viruses spread, giving rise to many different genetic lineages 

▸ We can use these lineages like fingerprints to track the spread of specific viruses through 
space and time 

▸ Molecular epidemiology questions: 

▸ How big is this outbreak? How many outbreaks are happening concurrently? 

▸ Is this outbreak growing or shrinking? How quickly? Impact of interventions? 

▸ Could person A have become infected from person B? 

▸ Is this virus evading immune detection?



CASE STUDY: 
UW CAMPUS OUTBREAK, 
FALL 2020



UW-Madison outbreak timeline

Peak coincides with >4x increase in daily 
case counts in Dane County 

data: UW-Madison, Public Health Madison Dane County



242 sequences from UW-Madison students







Extensive mixing of lineages

• Two high-rise dormitories 
(census ~1,100 residents 
each) quarantined for 2 
weeks

• Share a common green 

space and dining hall 

• Attack rates ~30%





Has this outbreak spilled over into the 
community?
• Concerns that college outbreaks may intensify community 

outbreaks; there is some evidence for this


• UW students mix with the broader community at bars, 
restaurants, and other congregate settings


• Cell phone mobility data suggests that students in heavily 
affected dorms may have been more likely than others to visit 
nearby bars in the weeks prior to the outbreak


J Harris, MIT: https://www.nber.org/papers/w28132





UW’s large-scale dormitory 
outbreak may not have seeded 
substantial community spread.



VARIANTS OF 
CONCERN



Variants of concern
▸ “Variant” = virus with characteristic combination of mutations 

▸ Most variants do not have clear biological differences 

▸ Reasons for potential concern: 

▸ Infection of people who have pre-existing immunity 

▸ Spread in a region thought to have high levels of population immunity 

▸ Continued or accelerating spread despite ongoing interventions 

▸ Association with more severe disease



Current variants of concern

outbreak.info

http://outbreak.info


Variants of concern in WI

Gage Moreno



Pfizer vaccine induces antibodies against multiple VOCs

liu et al nejm 2021 https://www.nejm.org/doi/10.1056/NEJMc2102017

https://www.nejm.org/doi/10.1056/NEJMc2102017


Resurgence of COVID-19 in Manaus, Brazil

sabino et al lancet 2021 https://doi.org/10.1016/S0140-6736(21)00183-5

Comment

www.thelancet.com   Vol 397   February 6, 2021 453

di!erence in a range of demographic variables,2 and 
the mandatory exclusion of donors with symptoms 
of COVID-19 is expected to underestimate the true 
population exposure to the virus. Reanalysis and model 
comparison11 by independent groups will help inform 
the best-fitting models for antibody waning and the 
representativeness of blood donors.

Second, immunity against infection might have 
already begun to wane by December, 2020, because 
of a general decrease in immune protection against 
SARS-CoV-2 after a first exposure. Waning of anti-
nucleocapsid IgG antibody titres observed in blood 
donors2 might reflect a loss of immune protection, 
although immunity to SARS-CoV-2 depends on a 
combination of B-cell and T-cell responses.12 A study of 
UK health-care workers13 showed that reinfection with 
SARS-CoV-2 is uncommon up to 6 months after the 
primary infection. However, most of the SARS-CoV-2 
infections in Manaus occurred 7–8 months before the 
resurgence in January, 2021; this is longer than the period 
covered by the UK study,13 but nonetheless suggests 
that waning immunity alone is unlikely to fully explain 
the recent resurgence. Moreover, population mobility 
in Manaus decreased from mid-November, 2020, with 
a sharp reduction in late December, 2020,14 suggesting 
that behavioural change does not account for the 
resurgence of hospitalisations.

Third, SARS-CoV-2 lineages might evade immunity 
generated in response to previous infection.15 Three 
recently detected SARS-CoV-2 lineages (B.1.1.7, B.1.351, 
and P.1), are unusually divergent and each possesses 
a unique constellation of mutations of potential 
biological importance.16–18 Of these, two are circulating 
in Brazil (B.1.1.7 and P.1) and one (P.1) was detected 
in Manaus on Jan 12, 2021.16 One case of SARS-CoV-2 
reinfection has been associated with the P.1 lineage 
in Manaus19 that accrued ten unique spike protein 
mutations, including E484K and N501K.16 Moreover, the 
newly classified P.2 lineage (sublineage of B.1.128 that 
independently accrued the spike E484K mutation) has 
now been detected in several locations in Brazil, including 
Manaus.20 P.2 variants with the E484K mutation have 
been detected in two people who have been reinfected 
with SARS-CoV-2 in Brazil,21,22 and there is in-vitro evi-
dence that the presence of the E484K mutation reduces 
neutralisation by polyclonal antibodies in convalescent 
sera.15

Fourth, SARS-CoV-2 lineages circulating in the second 
wave might have higher inherent transmissibility than 
pre-existing lineages circulating in Manaus. The P.1 lineage 
was first discovered in Manaus.16 In a preliminary study, 
this lineage reached a high frequency (42%, 13 of 31) 
among genome samples obtained from COVID-19 cases 
in December, 2020, but was absent in 26 samples collected 
in Manaus between March and November, 2020.16 
Thus far, little is known about the transmissibility of 
the P.1 lineage, but it shares several independently 
acquired mutations with the B.1.1.7 (N501Y) and 
the B.1.325 (K417N/T, E484K, N501Y) lineages circulating 
in the UK and South Africa, which seem to have 
increased transmissibility.18 Contact tracing and outbreak 
investigation data are needed to better understand 
relative transmissibility of this lineage.

The new SARS-CoV-2 lineages may drive a resur-
gence of cases in the places where they circulate 
if they have increased transmissibility compared 
with pre-existing circulating lineages and if they are 
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Figure: COVID-19 hospitalisations, excess deaths, and Rt in Manaus, Brazil, 2020–21
(A) Dark lines are the 7-day rolling averages and lighter lines are the daily time series of COVID-19 hospitalisations 
and excess deaths. Hospitalisation data are from the Fundação de Vigilância em Saúde do Amazonas.5 Total all-cause 
deaths for 2020–21 were reported initially by the Prefeitura de Manaus6 and subsequently in the daily COVID-19 
bulletin of the Fundação de Vigilância em Saúde do Amazonas.7 All-cause deaths from 2019 were from Arpen/AM 
(Associação dos Registradores Civis das Pessoas Naturais do Amazonas).8 The compiled excess death data are from 
Bruce Nelson from the Instituto Nacional de Pesquisas da Amazônia.9 (B) Rt was calculated using the time series of 
COVID-19 hospitalisations after removal of the past 14 days to account for delays in notification. Rt was calculated 
using the EpiFilter method.10 Lines are median Rt estimates; shaded areas are the 95% CIs. Rt=E!ective reproduction 
number. SARS-CoV-2=severe acute respiratory syndrome coronavirus 2.
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