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HRV
IVA
IVB
HPIV1
HPIV3
HPIV4
HMPV
RSV
229E
NL63
OC43
HKU1
HSV1
CMV
EBV
Acinetobacter baumannii
Acinetobacter lwoffii
Acinetobacter pittii
Chlamydia psittaci
Escherichia coli
Klebsiella pneumoniae
Moraxella catarrhalis
Mycobacterium tuberculosis
Mycoplasma pneumoniae
Mycoplasma orale
Mycoplasma hominis
Haemophilus influenzae
Legionella pneumophila
Pseudomonas aeruginosa
Staphylococcus aureus
Streptococcus pneumoniae
Ureaplasma parvum
Candida albican
Candida tropicalis
Aspergillus spp

Definition

Patient

Control

Classification

RNA Viruses

DNA Viruses

Bacteria

Fungi

0

1

2

3

4

5

2016-05-20 2017-12-07

RNA Virus

DNA Virus

Bacteria

Fungus

Co-infection

None

A

C

B

H
R
V

P
se

ud
om

on
as

 a
er

ug
in
os

a
IV

A

H
P
IV

3

H
ae

m
op

hi
lu
s 
in
flu

en
za

e

Sta
ph

yl
oc

oc
cu

s 
au

re
us

M
yc

op
la
sm

a 
pn

eu
m

on
ia
e

M
. o

ra
le

IV
B

A
ci
ne

to
ba

ct
er

 lw
of

fii

H
M

PV

E
N
V-
D

22
9E

A
ci
ne

to
ba

ct
er

 b
au

m
an

ni
i

H
P
IV

1

H
P
IV

4
R
S
V

O
C
43

H
K
U
1

H
S
V
1

C
M

V

K
le
bs

ie
lla

 p
ne

um
on

ia
e

C
an

di
da

 a
lb
ic
an

E
B
V

M
or

ax
el
la
 c
at

ar
rh

al
is

M
yc

ob
ac

te
riu

m
 tu

be
rc

ul
os

is

Le
gi
on

el
la
 p

ne
um

op
hi
la

S
tre

pt
oc

oc
cu

s 
pn

eu
m

on
ia
e

0

20

40

60

N
o
. 
o
f 
C

a
s
e
s

Respiratory Disease in Wuhan
• Meta-transcriptomic analysis of bronchoalveolar lavage fluid (BALF) samples from 408 patients presenting 

with pneumonia and acute respiratory infection at Wuhan Central Hospital between 2016-2017.

• Complex mix of potential viral, bacteria and fungal pathogens

• No SARS-CoV-2, but many common cold CoVs

• One sporadic zoonotic pathogen – Chlamydia psittaci



The COVID-19 Pandemic

The Early Moments

• Patient (1 of 7) sampled at Wuhan Central Hospital on Dec. 26 2019 (symptom onset - Dec. 

20). Samples sent to Shanghai and arrive on Jan 3rd 2020.

• Jan 5th 2020: Virus genome sequenced finished by the team of Prof. Yong-Zhen Zhang.

• Jan 5th 2020: Ministry of Health informed and told the virus was likely respiratory and people 

should take precautions.



The First Diagnostics & Vaccines
• Jan 23rd 2020: First widely used diagnostic 

(PCR) test developed by a European group
• NIH researchers (Barney Graham, 

Jason McLellan) with Moderna designed 

mRNA vaccine over the same weekend 

the genome sequence was released

• Pfizer/BioNTech, Oxford/Astra Zeneca 

quickly followed



Even Earlier History 

(December 2019)

• Dec 25: Patient samples sent for sequencing at a 

commercial company - Vision Medicals

• Dec 26: Fragments of SARS-CoV-2 discovered in these 

samples

• Dec 27: First full virus genome obtained by Vision 

Medicals

• Dec 27, 28: Vision Medicals provide information to the 

China CDC and hospitals in Wuhan

• Dec 30: Beijing Genome Institute (BGI) sequence data 

from another patient

• Dec 31: BGI report (59 reads of a ‘SARS-like’ virus) 

“leaked” on social media

Genome sequence data not made public



Rhinolophus Bats Carry The Closest Relatives

• Banal-20-52, from a Rhinolophus in bats from Laos, is the closest

relative of SARS-CoV-2 (96.8%)

• Very close to SARS-CoV-2 in the receptor binding domain  

Functional core of SARS-CoV-2 exists in nature

Courtesy of the New York Times

Horseshoe bat

(Rhinolophus affinis)
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The Huanan Market in 

Wuhan is the Epicentre

of Viral Emergence
• Epidemic starting point at the Huanan 

market in December 2019

• Patients with no link to the Huanan market 

also fall spatially close the market

• No obvious ascertainment bias

• Gradually diffusion away from the 

market in January-February 2020



Susceptible Wildlife was Sold in the 

Huanan Market in 2019

• Most positive environmental samples (Jan 

2020) come from the south-west corner of 

the market that sold wildlife

• Strong resemblance to 

the emergence of SARS-

CoV-1 in 2002/2003



A Series of Unfortunate Events
• Both Lineages A and B at the Huanan market

• No intermediates between lineages A and B

• Lineage B has an older molecular clock date, but lineage A 

is closer the bat outgroup sequences

• Best-fit model is separate introductions for lineages B (1st) 

then A (2nd) a few weeks apart

• Extremely unlikely for both lineages A and B to be 

associated with the market if it were not the place of origin

• No credible evidence 

of COVID-19 in any

location before 

Wuhan

• SARS-CoV-2 events 

before November 

2019 are unlikely

Most likely time of origin: late-

Nov/early-Dec 2019

Pekar et al. Science 10.1126/science.abp8337 (2022).



Did SARS-CoV-2 Leak from a Lab?
• Cases/excess deaths near WIV only appeared later in the 

outbreak; early clustering around the Huanan market

• Furin cleavage site is suboptimal (canonical = R-X-R/R-R), 

out-of-frame, often evolves in RNA viruses, and is commonly 

lost in cell culture (e.g. unmodified VeroE6 cells)

• SARS-CoV-2 was not optimally adapted to humans on first 

emergence – a highly generalist virus that is continually 

adapting (e.g. white-tailed deer, USA)

• Bat virus RaTG13 from the WIV is not the direct ancestor of 

SARS-CoV-2 (~1100 mutations different)

• SARS-CoV-2 is not necessarily from Yunnan province (civets 

from Hubei province had SARS-CoV-1)

• No evidence that the WIV isolated or cultured a virus closely 

related to SARS-CoV-2 (all cultured viruses are close to 

SARS-CoV-1)

• Would require a major cover-up/conspiracy

• No evidence of a closer SARS-CoV-2-like virus kept at the 

WIV (and no reason to keep it secret before the pandemic)

More Information: Holmes et al. Cell  184, 4848-4856 (2021).

SARS-CoV-2 in White-Tailed Deer

Caserta et al. (2022). White-tailed deer (Odocoileus 

virginianus) may serve as a wildlife reservoir for nearly 

extinct SARS-CoV-2 variants of concern. bioRxiv. 

https://doi.org/10.1101/2022.09.02.506368.



Evidence of SARS-CoV-2 at WIV prior to the 

pandemic:

• Sequencing databases = 0

• Publications = 0

• Old theses = 0

• Social media = 0

• Freedom of Information Act information on grants, 

annual reports and emails = 0

• US Intelligence Community = 0

Reported from the WIV:

• No COVID-19 cases at the lab (ELISA + PCR)

SARS-CoV-2 at the WIV?
“Swine Flu” - 2009



The Forgotten Manuscript

• Rejected by J.Virol. in April 2018. Rejected by JID in August 

2018. Transferred to Open Forum Inf Dis who required complete 

virus genomes. Withdrawn, October 2018.

• 163 sequences released on GenBank after embargo expired.

• Aim was to get longer RdRp sequences, including for RaTG13. 

• States that they could not get the spike gene for RaTG13.

• Focus was on relatives to SARS-CoV-1. These are the viruses 

they had isolated and cultured.

• The paper is from before the pandemic. No reason to hide data.

• No evidence of a virus closer to SARS-CoV-2 than RaTG13 at 

the WIV.

• Confirms Zengli Shi’s story.

Shi Zhengli, interview with Jon Cohen, Science

163 bat CoVs appear on GenBank in July 2022

RaRT13/Ra441



Viromes of Game Animals in China

• Sampled 1941 game animals from 5 mammalian orders

• 102 mammalian viruses discovered: 21 of potential human risk

• Bat HKU8 coronavirus in a civet

• Avian H9N2 influenza virus in a civet and an Asian badger

Canine a-CoV in a 

racoon dog (gastric)



Spill-over Infections 

are Commonplace
Shinde et al. New Eng J 

Med. 360, 2616-2625, 2009.

Grey-headed flying 

fox (Pteropus

poliocephalus) in 

Sydney with 

neurological disease 

(Dr. Karrie Rose).

Exogenous 

retrovirus in a 

bat with 

lymphoma



A Global Pandemic Radar
• Active surveillance of people living/working at the human-animal interface: people working the 

wildlife trade and fur farming, in poultry production, piggeries, abattoirs, and live animal 

markets, those participating in animal hunting and bushmeat slaughter, people living around 

bat roosts, animal carers and animal rescue centres etc.

• Regular immunological surveillance (e.g. VirScan/GIO) and occasional metagenomic 

surveillance (may need new computational tools)

VirScan



The Wuhan Outbreak of SARS-CoV-2
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Biological Feature Future 1 

“Vaccines work, antivirals fail”

Future 2 

“Antivirals work, vaccines fail”

Future 3

“Medical interventions are effective and evolution 

works for us”

Future 4

“Medical interventions fail and evolution works against 

us”

Immunity

•
Strong and long-lasting 

immunity after infection.

Immune individuals can be identified through 

robust biological indicators. 

Possible immunological cross-protection.

•
Very limited natural immunity after infection.

Reinfection possible after less than a year.

Antibody-dependent enhancement

exacerbates disease.

•
Some protective immunity, but this is 

variable and wanes after around two 

years.

False positives make identification of immune individuals 

unreliable.

Possible weak immunological cross-protection.

•
Very limited natural immunity after 

infection.

Reinfection possible after less than a year.

Antibody-dependent enhancement exacerbates disease.

Vaccines 

•
Vaccine developed in 12 

months. Fully protective and 

long lasting (~5 years). 

Relatively easy and quick to produce in large 

quantities. 

No antibody-dependent enhancement.

•
No effective vaccine developed in the next 5 

years because of a lack of protective 

immunity. 

Antibody-Dependent Enhancement and/or other negative 

consequences.

•
Vaccines developed providing partial 

protection developed in 18-24 months.

Takes several months to produce so limited doses and 

global supply chain issues.

•
No effective vaccine developed in the 

next 5 years because of a lack of 

protective immunity. 

Antibody-Dependent Enhancement and/or other negative 

consequences.

Antivirals

•
No effective antiviral identified 

in the next 5 years. •
Multiple effective antivirals are developed that 

are easy to produce. 

Antiviral resistance emerges after first year. 

•
A limited number of partially effective 

antivirals developed over the next 12 

months. 

Some supply chain issues.

•
No effective antiviral identified in the 

next 5 years.

Antigenic evolution

•
No large-scale antigenic 

evolution/escape in the virus, 

even following widespread 

vaccination.

•
Widespread and rapid antigenic evolution, 

even before the onset of widespread 

vaccination. 

Reinfection possible on short time-horizons.

Vaccines need to be updated annually.

•
No large-scale antigenic 

evolution/escape in the virus, even 

following widespread vaccination.

•
Widespread and rapid antigenic evolution, 

even before the onset of widespread 

vaccination. 

Reinfection possible on short time-horizons.

Vaccines need to be updated annually.

Evolution in virulence, 

transmission and seasonality •
Virulence stays as it is now. 

Transmission increases in younger cohorts.

Develops into a winter seasonal disease after 12-

24 months.

•
Virulence stays as it is now. 

Transmission increases in younger cohorts.

Develops into a winter seasonal disease after 12-24 months.

•
Virulence declines over 12 months with 

no increase in transmissibility. 

The use of vaccines and antivirals further reduces 

virulence.

Develops into a winter seasonal disease within 12 months.

•
Virulence increases over the next 12 

months.

Virulence increases in younger cohorts.

New transmission routes emerge. 

No seasonality evolves.

Interaction with other 

pathogens and/or co-morbidities •
Some interactions with other 

pathogens in some populations 

increase COVID-19 morbidity / 

mortality.

•
Some interactions with other pathogens in 

some populations increase COVID-19 

morbidity / mortality.

•
Possible weak cross-protective immune 

responses.  •
Interactions with pathogens commonly 

circulating in some populations increase 

morbidity / mortality.

Possible COVID “Futures” – May 2020

Case scenarios: best (no shading), middle (light grey), worse (dark grey) 



Biological Feature Future 1 

“Vaccines work, antivirals fail”

Future 2 

“Antivirals work, vaccines fail”

Future 3

“Medical interventions are effective and evolution 

works for us”

Future 4

“Medical interventions fail and evolution works 

against us”

Immunity

•
Strong and long-lasting 

immunity after infection.

Immune individuals can be identified through 

robust biological indicators. 

Possible immunological cross-protection.

•
Very limited natural immunity after 

infection.

Reinfection possible after less than a year.

Antibody-dependent enhancement

exacerbates disease.

•
Some protective immunity, but this is 

variable and wanes after around two 

years.

False positives make identification of immune 

individuals unreliable.

Possible weak immunological cross-protection.

•
Very limited natural immunity after 

infection.

Reinfection possible after less than a year.

Antibody-dependent enhancement exacerbates disease.

Vaccines 

•
Vaccine developed in 12 

months. Fully protective and 

long lasting (~5 years). 

Relatively easy and quick to produce in large 

quantities. 

No antibody-dependent enhancement.

•
No effective vaccine developed in the next 5 

years because of a lack of protective 

immunity. 

Antibody-Dependent Enhancement and/or other negative 

consequences.

•
Vaccines developed providing partial 

protection developed in 18-24 months.

Takes several months to produce so limited doses and 

global supply chain issues.

•
No effective vaccine developed in the 

next 5 years because of a lack of 

protective immunity. 

Antibody-Dependent Enhancement and/or other negative 

consequences.

Antivirals

•
No effective antiviral identified 

in the next 5 years. •
Multiple effective antivirals are developed 

that are easy to produce. 

Antiviral resistance emerges after first year. 

•
A limited number of partially effective 

antivirals developed over the next 12 

months. 

Some supply chain issues.

•
No effective antiviral identified in the 

next 5 years.

Antigenic evolution

•
No large-scale antigenic 

evolution/escape in the virus, 

even following widespread 

vaccination.

•
Widespread and rapid antigenic evolution, 

even before the onset of widespread 

vaccination. 

Reinfection possible on short time-horizons.

Vaccines need to be updated annually.

•
No large-scale antigenic 

evolution/escape in the virus, even 

following widespread vaccination.

•
Widespread and rapid antigenic 

evolution, even before the onset of 

widespread vaccination. 

Reinfection possible on short time-horizons.

Vaccines need to be updated annually.

Evolution in virulence, 

transmission and seasonality •
Virulence stays as it is now. 

Transmission increases in younger cohorts.

Develops into a winter seasonal disease after 12-

24 months.

•
Virulence stays as it is now. 

Transmission increases in younger cohorts.

Develops into a winter seasonal disease after 12-24 months.

•
Virulence declines over 12 months 

with no increase in transmissibility. 

The use of vaccines and antivirals further reduces 

virulence.

Develops into a winter seasonal disease within 12 

months.

•
Virulence increases over the next 12 

months.

Virulence increases in younger cohorts.

New transmission routes emerge. 

No seasonality evolves.

Interaction with other 

pathogens and/or co-

morbidities

•
Some interactions with other 

pathogens in some populations 

increase COVID-19 morbidity 

/ mortality.

•
Some interactions with other pathogens in 

some populations increase COVID-19 

morbidity / mortality.

•
Possible weak cross-protective 

immune responses.  •
Interactions with pathogens commonly 

circulating in some populations increase 

morbidity / mortality.

What Actually Happened – October 2022

Overall outcome: Medical interventions have been effective, but virus 

evolution has often worked against us


