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PREFACE

In not even a year after the discovery of COVID-19, several vaccines have been
licensed and hundreds of millions of people will be vaccinated within months.
Soon the number of severe COVID-19 cases will plummet, people at risk will
no longer die, and after the vaccination of younger people, Long COVID will
retreat too.

There are no analogies to describe COVID-19 vaccine development. A bizarre
Christmas gift? A bit dull! A feat that greatly exceeds the achievements of the
moon landings? Obvious and dreadfully banal! The only thing history will
remember is that by creating COVID vaccines in record time, science has giv-
en us a humbling demonstration of what it can achieve.

Nevertheless, we are not out of the woods yet. Nature, too, has demonstrated
that it can strike back. If the new English B117 variant (also called B.1.1.7,
VO0C-202012/01, 501Y Variant 2 or 20B/501Y.V1) or other mutants are con-
firmed to increase transmissibility of SARS-CoV-2 on a global scale, the race
may be on again. In 2021, let’s perfect our skills of physical distancing and continue
to wear face masks. Let’s take it as a convenient rehearsal exercise for future pandem-
ics. It isn’t fun but it must be done.

Bernd Sebastian Kamps & Christian Hoffmann
13 January 2021
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PREFACE TO THE FIRST EDITION

Seventeen years ago, in the middle of the outbreak, we decided to write a
short medical text about the ongoing SARS drama, presenting the scientific
data and providing real-time updates. After publishing three editions in
6 months, a scientific magazine concluded that our SARS Reference
(www.SARSReference.com) was “not fancy”, but presented “plenty of infor-
mation”. When we became aware of the new coronavirus epidemic in mid-
January 2020, we immediately felt that time had come to repeat our milleni-
um exercise.

While SARS-CoV-2 seems under control in China, the epidemic is moving west
briskly. What only weeks ago seemed an impossible feat - imposing and en-
forcing strict quarantine measures and isolating millions of people - is now a
reality in many countries. People all over the world will have to adapt and
invent new lifestyles in what is the most disruptive event since World War II.

We believe that the current situation needs a new type of textbook. Humanity
is confronting an unknown and threatening disease which is often severe and
fatal. Health care systems are overwhelmed. There is no proven treatment
and vaccines will not be available soon. Such a situation has not existed since
the flu pandemic in 1918.

We believe a clear head is crucial in times of over-information, with dozens of
scientific papers published every day, news about hundreds of studies being
planned or already on the way and social media blending hard data with ru-
mors and fake news. The tedious work of screening the scientific literature
and the scientific data has to be done - regularly & constantly, like a Swiss
watch.

Over the coming months, COVID Reference will be presenting updates on a
weekly basis and narrating the scientific data as coherently as possible.

Remember Science Magazine. It isn’t fancy.
Bernd Sebastian Kamps & Christian Hoffmann
29" March 2020
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0. Top 10

Please bookmark http://www.CovidReference.com and come back every day
for the Daily Top 10 Papers on COVID-19. Each citation comes with a short
comment and a link to the full-text article.
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1. Epidemiology

Bernd Sebastian Kamps

Stefano Lazzari

In December 2019, several patients from Wuhan, People’s Republic of China,
developed pneumonia and respiratory failure reminiscent of the 2003 SARS
epidemic (WMHC 2019, www.SARSReference.com). In early January 2020, a
new betacoronavirus, later named SARS-CoV-2, was isolated from bron-
choalveolar lavage fluid samples (Zhou 2020). The virus spread first within
China (Yu X 2020) and then to several countries in Asia before reaching Iran
and Italy where it caused major outbreaks. During the first 11 weeks of the
pandemic, almost two-thirds of the first cases in affected countries were in
people reported to have recently travelled from only three affected countries
(China, Iran, or Italy), showing how international travel from a few countries
with substantial SARS-CoV-2 transmission might have seeded outbreaks
around the world (Dawood 2020).

Despite some early successes in containment, SARS-CoV-2 eventually took
hold in both Europe and North America during the first two months of 2020:
in Italy around the end of January, in Washington State around the beginning
of February, followed by New York City later that month (Worobey 2020 - see
also Figure 6, Deng X 2020, McNeil Jr DG). In Brazil, it was found that there
had been more than 100 international virus introductions, with 76% of Brazil-
ian strains falling into three clades that were introduced from Europe be-
tween 22 February and 11 March 2020 (Candido 2020).

Between then and the time of this writing (13 January 2021), SARS-CoV-2 has
spread to every corner of the world. Almost 100 million people have been
diagnosed with SARS-CoV-2 infection and two million people have died of
COVID-19, the disease caused by SARS-CoV-2. Not all cases, in particular if
asymptomatic, have been diagnosed and the true number of both infections
and deaths is probably much higher.

In the autumn of 2020, several new SARS-CoV-2 variants emerged that have a
substantial transmission advantage. Find more information in Mutations and
vaccine efficacy, page 212.

COVID Reference ENG 006
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Table 1. Seroprevalence data 2020

Sample
collection
Italy* Nationwide May 25-July 15 2,5%  Sabbadini 2020
Italy Lodi (red zone) 23% Percivalle 2020
Spain Nationwide 5,0% Pollan 2020
Madrid >10%
Spain Madrid 11% Soriano 2020
Switzerland  Geneva 5,0-11%  Stringhini 2020
Netherlands  Nationwide Aprl 2020 1,2-4%  Vos 2020
Denmark Faroe Islands 0,6% Petersen 2020
Germany Kupferzell *hotspot’ March 12%  Santos-Hovener
2020
UK UK 6% Ward 2020
London 13%
South West 3%
China Wuhan March 9-April 10 3,2-3,8% Xu X 2020
us New York City March 23-April 1 6,9% Havers 2020
San Francisco Bay April 23-27 1,0%
area
us New York State 14% Rosenberg 2020
us NYC, Health care 13,7% Moscola 2020
personnel
us Nationwide in July 2020 8,3% Anand 2020
patients receiving
dialysis
us 1-23% Bajema 2020
India Mumbai July 57% Malani 2020
Brazil Nationwide May-June 1,4-6,4%  Hallal 2020
Brazil Manaus March-August 66% Buss 2020

* Note that Italy’s national survey results are preliminary and probably an underestimate. The
country only managed to collect 40% of the planned samples, with many people refusing to
be tested. Insiders never believed these figures and favored a seropositivity rate of 5-10%
like in Spain or France. Later estimates of COVID-19 prevalence in Italy by Francesca Bassi
and colleagues set it at 9%, corresponding to almost 6 million Italians (Bassi 2020).

Relatively few large scale seroprevalence studies have been completed but
the available seroprevalence data show that only a few places, like Mumbai
and Manaus, have reached a high prevalence in the population, close to the
level required for herd immunity, estimated to be around 60% (see Table 1).
[Herd immunity is defined as the proportion of a population that must be
immune to an infectious disease, either by natural infection or vaccination, to
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provide indirect protection (herd protection) to the rest of the population
who are not otherwise immune to the disease (D’Souza 2020, Adam 2020). As
shown in Table 1, countries hit hardest by the COVID-19 pandemic have high-
er seroprevalence rates but, without an effective vaccine, no country can
count on any kind of herd immunity soon.

The articles cited in Table 1 show some interesting findings:

e Wuhan - Seropositivity for IgM and IgG antibodies was low (3,2%-
3,8%) even in a highly affected city like Wuhan (Xu X 2020).

e New York City - In NYC, the prevalence of SARS-CoV-2 among
health care personnel was 13,7% (5523/40.329 individuals tested)
(Moscola 2020), similar to the prevalence among adults randomly
tested in New York State (14,0%) (Rosenberg 2020).

e UK - Black, Asian and minority ethnic (BAME) individuals were be-
tween two and three times more likely to have had SARS-CoV-2 in-
fection compared to white people. An interesting trend: young peo-
ple aged 18-24 had the highest rates (8%), while older adults aged 65
to 74 were least likely to have been infected (3%).

e Mumbai - In a cross-sectional survey in Mumbai, the prevalence of
SARS-CoV-2 antibodies was around 57% in the slum areas of Chem-
bur, Matunga and Dahisar, and 16% in neighboring non-slum areas
(Malani 2020). In some places of the world, herd immunity may be
within reach.

e Geneva - Young children (5-9 years) and older people (= 65 years)
had significantly lower seroprevalence rates than other age groups
(Stringhini 2020).

e Faroe Islands - At the beginning of the pandemic, small islands
tended to have low seropositivity rates.

Careful interpretation of these data is required. We have few nationwide pop-
ulation-based seroprevalence studies, the sensitivity and specificity of sero-
logical tests being used can vary from place to place, and some people might
have been infected without showing detectable levels of antibodies at the
time of the study. Based on all available serological studies, WHO has estimat-
ed that around 10% of the world population, or 760 million people, may have
been infected by October 2020.

The mean incubation period of SARS-CoV-2 infection is around 5 days (Li
2020, Lauer 2020, Nie X 2020). The serial interval - defined as the duration of
time between a primary case-patient having symptom onset and a secondary

COVID Reference ENG 006
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case-patient having symptom onset - has been estimated to be between 5 and
7,5 days (Cereda 2020). SARS-CoV-2 is highly contagious, with an estimated
basic reproduction number R, of around 2,5-3,0 (Chan 2020, Tang B 2020, Zhao
2020). [R, indicates the average number of infections one case can generate
over the course of the infectious period in a naive, uninfected population.
Read the guide by David Adam (Adam 2020) for more valuable information on
R,.]

Prevention

SARS-CoV-2 is easily transmissible both by symptomatic and asymptomatic
individuals, thrives in closed and densely inhabited environments, and is
amplified by so-called ‘superspreader’ events.

The five golden rules to minimize the risk of SARS-CoV-2 infection
1. Wear face masks in public spaces.
2. Keep a distance of 2 (two!) meters to other people.
3. Avoid crowded places (of more than 5-10 people).

4, Avoid in particular crowded and closed spaces (even worse: air-
conditioned closed places where air is being moved around).

5. Avoid in all circumstances - crowded, closed and noisy spaces
where people must shout to communicate. These are SARS-CoV-2’s
preferred playgrounds.

Find below a detailed discussion of SARS-CoV-2 transmission (pages 69) and
its prevention (page 117).

As with the earlier SARS and MERS outbreaks (Shen Z 2004, Cho SY 2016), the
spread of SARS-CoV-2 is characterized by the occurrence of so-called “super-
spreader events”, where one source of infection is responsible for a large
number of secondary infections (Wang L 2020). This phenomenon is well-
described in a study of SARS-CoV-2 transmission in Hong Kong (Adam DC
2020). The authors analyzed all clusters of infection in 1038 cases that oc-
curred between January and April 2020 and concluded that 19% of cases were
responsible for causing 80% of the additional community cases, with large
clusters originating at bars, weddings, and religious ceremonies. Interesting-
ly, reduced delays in confirmation of symptomatic cases did not influence the
rate of transmission (suggesting higher rate of transmission at or before

Kamps - Hoffmann
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symptom onset), whereas rapid contact tracing and quarantine of contacts
was very effective in terminating the transmission chain. Other authors (Endo
2020) have also estimated a k of 0.1 outside China, meaning that only 10% of
infected individuals transmit the virus (k or “dispersion factor” describes, in
mathematical models, how much a disease tends to cluster).

Over-dispersion, with few infected people causing most secondary infections,
could explain some puzzling aspects of the early stages of the COVID-19 pan-
demic. For example, why the early introductions in Europe of SARS-CoV-2 in
December 2019 (France) and again in January 2020 (France, Germany) did not
result in earlier major outbreaks in Europe. Or why the large outbreak in
Northern Italy in February 2020 did not lead to a similar rapid spread of the
virus in the rest of the country.

Understanding the reasons underlining superspreader events can be key to
the success of preventive measures, so the big question is, “Why do some
COVID-19 patients infect many others, whereas most don’t spread the virus at
all?” (Kupferschmidt 2020). It is possible that some individuals simply shed
more virus than others, or that there is much more shedding at a specific
moment of higher contagiousness in the natural history of the infection, pos-
sibly when viral load is at its peak. Environmental conditions also play a role,
with crowded, closed places where people talk loudly, shout, sing or exercise
being at higher risk, possibly because of the higher production and diffusion
of small particles like aerosols. A “superspreader” in a “superspreading set-
ting“ may result in a very large number of infections, as seen in the Shin-
cheonji church cluster in South Korea where, in March 2020, one single per-
son was estimated to have generated more than 6000 cases.

A better understanding of superspreader events may help in defining the
most effective measures to reduce SARS-CoV-2 transmission. We will explore
below the most common “hotspots” of SARS-CoV-2 infection, where the like-
lihood of multiple infections is higher.

Hotspots of SARS-CoV-2 Transmission

The following settings were, are or could be catalyzers of SARS-CoV-2 out-
breaks:

e Hospitals and other health care centers

e Long-term care facilities

e Homes (also including intense social life with friends and colleagues)
e Leisure facilities (e.g., bars, restaurants clubs, choirs, discos, etc.)

e Workplaces

¢ Schools
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e Universities
e Family meetings (e.g., birthdays, marriages, funerals)
e Mass and family gatherings
0 Sport events
0 Religious gatherings
e Closed and densely populated spaces
O Prisons
0 Homeless shelters
0 Cruise ships, aircraft carriers and military vessels (closed spaces)

Hospitals

During the first months of the SARS-CoV-2 pandemic, when suspicion of the
disease was low, transmission in hospitals and other health care centers (in-
cluding doctors’ offices) played a prominent role in the origin of local out-
breaks. This was reminiscent of both SARS and of the more recent largest
MERS outbreak outside of the Arabian Peninsula which occurred in the Re-
public of Korea in 2015, where 184 of 186 cases were nosocomial infections
(Korea Centers for Disease Control and Prevention 2015). Hospitals, as many
other places where potentially infected strangers meet, can be a favorable
environment for the propagation of SARS-CoV-2 (Wison 2020). Within the
first 6 weeks of the epidemic in China, 1716 cases and at least 5 deaths were
confirmed among health care workers (HCWs) (Wu 2020). In some instances,
hospitals could have been even the main COVID-19 hub, facilitating transmis-
sion between health workers and uninfected patients (Nacoti 2020).

One study of the hospital environment reports that the virus was widely pre-
sent in the air and on object surfaces in both the intensive care units and
general wards, implying a potentially high infection risk for hospital staff.
Contamination was greater in ICUs (Self 2020). Viral RNA has been found on
floors, computer mice, trash cans, sickbed handrails, and was detected in the
air up to approximately 4 m from patients (Guo 2020). The virus was also iso-
lated from toilet bowl and sink samples, suggesting that viral shedding in
stool could also be a potential route of transmission (Young 2020, Tang 2020).
However, most of these studies have evaluated only the presence of viral
RNA, not its infectivity.

Although nosocomial spread of SARS-CoV-2 is well documented, appropriate
hospital infection control measures can prevent nosocomial transmission
(Chen 2020, Nagano 2020, Callaghan 2020). This was nicely demonstrated by
the case of a person in her 60s who travelled to Wuhan on Dec 25, 2019, re-
turned to the US on Jan 13, 2020, and transmitted SARS-CoV-2 to her hus-
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band. Although both were hospitalized in the same facility and shared hun-
dreds (n = 348) of contacts with HCWs, nobody else became infected (Ghinai
2020).

However, working in a high-risk department, longer duty hours, shortage of
PPEs, and sub-optimal respiratory and hand hygiene after close contact with
patients have all been associated with an increased risk of infection in HCWs
(Ran 2020). At one time, during the early epidemic in March 2020, around half
of 200 cases in Sardinia, Italy, were among hospital staff and other health care
workers. On 14 April, the CDC reported that 9282 healthcare personnel had
been infected with SARS-COV-2 in the US.

Table 2. Percentage of healthcare workers (HCWSs) found to be SARS-CoV-2 infected

Sample SARS-CoV-2
collection positive
UK 435 inpatients at 2 March-12 April 15% (case Rickman 2020
London teaching fatality rate:
hospital 36%)
UK 1718 HCWs 23 March—2 June 10,7% EI-Boghdadly
participating in 2020 2020
5148 at-risk
tracheal intubations
USA 3477 symptomatic 12 March-23 April 5,3% Mani 2020
employees in the
University of
Washington
medical system
China Wuhan: 44672 Until 11 February 3,8% Wu 2020
HCWs
USA 1992 HCWs in 12 February-9 5,4% Vahidy 2020
COVID-19 units April
Italy 5444 active HCWs 17 April-20 May 6,9% Calcagno
2021
UK London, 200 26 March-8 April 20% Houlihan 2020
patient-facing seroconverted
HCWs during the
study period
China Wuhan, 9684 1 January-9 0,9% Lai X 2020
HCWs in Tongji February
Hospital

Health care workers from COVID-19 units have a higher risk of infection with
SARS-CoV-2 (5,4%) than those from non-COVID units (0,6%) (Vahidy 2020). In
a prospective cohort study in London, 25% of HCWs were already seropositive
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at enrolment (26 March to 8 April) and a further 20% became seropositive
within the first month of follow-up (Houlihan 2020). However, a Chinese
study of 9684 HCWs in Tongji Hospital showed a higher rate of infection in
non-first-line staff (93/6574, 1,4%) compared to those who worked in fever
clinics or wards (17/3110, 0,5%) (Lai X 2020). In Italy, seroprevalence was
highest in laboratory personnel (18/175, 10,3%), followed by nurse assistants
(44/520, 8,5%), nurses (150/1983, 7,6%) and doctors (55/755, 7,3%) (Calcagno
2021). Interpretation: those who worked in clinical departments other than
fever clinics and wards may have had less access to, or have neglected to
adopt, adequate protective measures.

SARS-CoV-2 outbreaks have also been documented in dialysis units
(Schwierzeck 2020, Rincén 2020). The prevalence of SARS-CoV-2 antibodies
was lower among personnel who reported always wearing a face covering
while caring for patients (6%), compared with those who did not (9%) (Self
2020).

The risk factors for SARS-CoV-2 infection in HCWs have been summarized in a
review (Chou 2020). There is evidence that more consistent and regular use of
recommended PPE measures was associated with decreased risk of infection.
Association was stronger for masks but was also observed for gloves, gowns,
and eye protection, as well as hand hygiene. Some evidence was found that
N95 respirators might be associated with higher reduction of risk for infec-
tion than surgical masks. Evidence also indicates an association with certain
exposures (such as involvement in intubations, direct contact with infected
patients, or contact with bodily fluids).

Long-term care facilities

Long-term care facilities (LTC) are high-risk settings for infectious respirato-
ry diseases. The first important study published in May 2020 reported an out-
break in a skilled nursing facility in King County, Washington, US, where 167
cases of COVID-19 (101 residents, 50 health care personnel and 16 visitors)
were diagnosed within less than three weeks from the identification of the
first case: (McMichael 2020) (Table 3).

Among residents (median age: 83 years), the case fatality rate was 33,7%.
Chronic underling conditions included hypertension, cardiac disease, renal
disease, diabetes mellitus, obesity, and pulmonary disease. The study demon-
strated that once introduced in a long-term care facility, often by a care
worker or a visitor, SARS-CoV-2 has the potential to spread rapidly and wide-
ly, with devastating consequences.
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By mid-April 2020, more than 1300 LTC facilities in the US had identified in-
fected patients (Cenziper 2020, CDC 200311). As most residents had one or
more chronic underling conditions, COVID-19 put them at very high risk for
premature death. Later studies found a high percentage of asymptomatic res-
idents (43%) during the two weeks prior to testing (Graham 2020b), extraor-
dinarily high seropositivity rates (72%; Graham 2020a), and a higher infection
rate in residents (9,0%) than in LTC staff (4,7%) (Marossy 2020).

Table 3. COVID outbreak in a long-term care facility

Residents Healthcare Visitors
(N=101) personnel (N =16)
(N =50)
Median age (range) 83 (51-100) 43,5 (21-79) 62,5 (52-88)
Female (%) 68,3 76 31,2
Hospitalized (%) 54,5 6,0 50,0
Died (%) 33,7 0 6,2

Chronic underlying conditions (%)

Hypertension 67,3 8,0 12.5
Cardiac disease 60,4 8,0 18,8
Renal disease 40,6 0 12,5
Diabetes mellitus 31,7 10,0 6,2

Obesity 30,7 6,0 18,8
Pulmonary disease 31,7 4,0 12,5

A national survey covering 96% of all LTC facilities in Italy found that in Lom-
bardy, the epicenter of the Italian epidemic, 53,4% of the 3045 residents who
died between 1 February and 14 April were either diagnosed with COVID-19
or presented flu-like symptoms. Among the 661 residents hospitalized during
the same period, 199 (30%) were positive by RT-PCR test.

As soon as a single case is detected among residents of a nursing facility, it is
recommended to test all residents, as many of them may be asymptomatic.
After an outbreak at an LTC nursing facility for veterans in Los Angeles, USA,
all residents, regardless of symptoms, underwent serial (approximately week-
ly) SARS-CoV-2 RT-PCR testing. Nineteen of 99 (19%) residents had positive
test results for SARS-CoV-2 (Dora 2020). Fourteen of the 19 residents with
COVID-19 were asymptomatic at the time of testing. Among these, eight de-
veloped symptoms 1-5 days after specimen collection and were later classified
as pre-symptomatic.
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Mortality in LTCs is almost always high. In a study from Ontario, Canada, the
incidence rate ratio for COVID-19-related death was more than 13 times
higher than the one seen in community-living adults older than 69 years dur-
ing a similar period (Fisman 2020). In another study in Ontario that included
78.607 residents of 618 nursing homes, 5218 (6,6%) were infected with SARS-
CoV-2 and 1452 (1,8%) died of COVID-19 as of May 20, 2020. The case fatality
rate was 27,8% (1452/5218) (Brown 2020). Of note, COVID-19 mortality in
homes with low crowding (by number of occupants per room and number of
bathrooms in the house) was less than half (1,3%) than that of homes with
high crowding (2,7%).

In one UK investigation involving 394 residents and 70 staff in 4 nursing
homes in central London, 26% of residents died over a two-month period
(Graham 2020). It is estimated that residents in LTC facilities contributed 30-
60% of all COVID-19 deaths in many European countries (O’Driscoll 2020,
ECDC 2020; see also the statement to the press by Hans Henri P. Kluge, WHO
Regional Director for Europe). Excess mortality data suggests that in several
countries many deaths in long-term care facilities might have occurred in
patients not tested for COVID-19, which are often not included in the official
national COVID-19 mortality statistics (Buonanno 2020).

Homes

Reported infection rates at home varied widely (between 6% and 32%) be-
tween studies. In Spain, in an analysis of 551 outbreaks during the summer of
2020, social settings such as family gatherings or private parties accounted
for 14% of cases (854/6208). SARS-CoV-2 positive cases linked to leisure ven-
ues such as bars, restaurants, or clubs were even more frequent (NCOMG
2020) (see next section).

An early study noted that children were as likely to be infected as adults (Bi Q
2020). However, two groups found that the odds of infection among children
and young people was only about 25% that among the elderly (= 60 years old)
(Jing QL 2020) and adults (Li W 2020). In addition, secondary attack rate in
contacts who were spouses of index cases was 27,8% compared to 17,3% in
other adult members in the households (Li W 2020). A study from Spain con-
firmed that children in quarantined family households had a similar probabil-
ity as adults to become infected by SARS-CoV-2. In 381 first-reported PCR-
positive adult cases and 1084 contacts (672 children, 412 adults), SARS-CoV-2
seroprevalence rates were 18% (118/672) in children and 19% (77/335) in
adult contacts (Brotons 2020).
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It has been objected that some studies might underestimate true transmission
rates if index cases were isolated in or outside of the home (Sun 2020). In one
study from Zhuhai, China, 32,4% (48 of 148) of household contacts of 35 index
cases were infected (Wu J 2020).

In an excellent retrospective cohort study of 1114 PCR-confirmed index cases
from Singapore, Vernon Lee and colleagues identified 7518 close contacts
(1779 household contacts, 2231 work contacts, and 3508 social contacts) (Ng
OT 2020). The secondary clinical attack rates were 5,9% for household con-
tacts and 1,3% for non-household contacts (Table 4).

Table 4. COVID outbreak in a long-term care facility

Particular risk factors Odds ratio
Household contacts Sharing a bedroom 5.38
ggi/ondary attack rate: Being spoken to by an index case for 30 min 7.86

70 or longer

Non-household contact Exposure to more than one case 3.92
Secondary attack rate: ; ; :
Work contacts, 1,3% 5f;gggseaoken to by an index case for 30 min 2.67
social contacts, 1,3%

Sharing a vehicle with an index case 3.07

Leisure venues (bars, clubs, choirs, karaokes, discos, etc.)

In Spain, an analysis of 551 outbreaks from mid-June to 2 August linked 1230
of 6208 cases (20%) to leisure venues such as bars, restaurants, or clubs
(NCOMG 2020). Data from Japan showed that of a total of 61 COVID-19 clus-
ters, 10 (16%) were in restaurants or bars; 7 (11%) in music-related events,
such as live music concerts, chorus group rehearsals, and karaoke parties; 5
(8%) in gymnasiums; and 2 (3%) in ceremonial functions (Furuse 2020).
Among a cluster of 108 cases in Osaka, Japan, 51 cases seemed to have been
infected after a single visit to a live music club (Sugano 2020). In South Korea,
superspreading events in nightclubs in downtown Seoul were linked to a local
resurgence of cases (Kang 2020). In Hong Kong, an explosive summer out-
break was best explained by the sudden increase in social gatherings after the
easing of public health measures, especially gatherings at eateries (To 2020).

College trips and summer camps represent another environment for efficient
SARS-CoV-2 transmission. In one case, a spring break trip from Austin to
Mexico resulted in 14 asymptomatic and 50 symptomatic cases (Lewis 2020).
CDC reported an outbreak with 260 (44%) out of 597 attendees of an overnight
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summer camp in Georgia becoming infected in June 2020 (Szablewski 2020).
The camp adopted most of CDC’s suggested preventive measures for Youth
and Summer Camps but wearing cloth masks and opening windows and doors
for increased ventilation in buildings were not implemented. ®

Choirs, too, are places of efficient SARS-CoV-2 transmission. On 8 March 2020,
the Amsterdam Mixed Choir gave a performance of Bach’s St John Passion in
the city’s Concertgebouw Auditorium. Days later, the first singers developed
symptoms and in the end 102 of 130 choristers were confirmed to have
COVID-19. One 78-year-old choir member died, as did three partners of choir
members; some singers required intensive care (The Guardian, 17 May). On 9
March, members of the Berlin Cathedral Choir met for their weekly rehearsal.
Three weeks later, 32 out of 74 choir members were positive for SARS-CoV-2
(NDR 2020). All recovered. On 10 March 2020, 61 members of a Skagit County
choir in Washington met for a 2,5-hour practice. A few weeks later, research-
ers reported 32 confirmed and 20 probable secondary COVID-19 cases (attack
rate = 53,3% to 86,7%); three patients were hospitalized, and two died. The
authors conclude that transmission was likely facilitated by proximity (within
6 feet) during practice and increased viral diffusion by the act of singing
(Hamner 2020).

These data suggest that any noisy, closed, and stagnant air environment (e.g.,
discos, pubs, birthday parties, restaurants, meat processing facilities, etc.)
where people stand, sit, or lie close together are ideal conditions for generat-
ing large SARS-CoV-2 outbreaks. If they need to shout for communication, the
situation may become explosive.

Workplaces

As early as January 2020, SARS-CoV-2 was found to spread during workshops
and company meetings (Bhmer 2020). A few weeks later, an outbreak of
SARS-CoV-2 infection was reported from a call center in South Korea where
94 out of 216 employees working on the same floor were infected, an attack
rate of 43,5% (Park SY 2020). Particularly instructive is the case of a scientific
advisory board meeting held in Munich, Germany, at the end of February.
Eight dermatologists and 6 scientists (among them the index patient) met in a
conference room of about 70 m” with a U-shaped set-up of tables separated by
a central aisle > 1 meter wide. During the meeting, that lasted 9.5 hours, re-
freshments were served in the room four times. In the evening, the partici-
pants had dinner in a nearby restaurant and shook hands for farewell, with a
few short hugs (no kisses!). Finally, the index patient shared a taxi with three
colleagues for about 45 min. Outcome: the index patient infected at least 11 of
the 13 other participants. These individuals infected an additional 14 persons
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either in a hospital or at home (Hijnen 2020). In the presence of an infected
individual, workplaces can be important amplifiers of local transmission.

In May 2020, outbreaks with hundreds of infected individuals were reported
from meat-packing plants in Germany (DER SPIEGEL), the US (The Guardian)
and France (Le Monde) as well as from other countries. In March and April,
25,6% (929) of employees of a meat processing facility in South Dakota, USA
and 8,7% (210) of their contacts were diagnosed with COVID-19; two employ-
ees died (Steinberg 2020). The highest attack rates occurred among employ-
ees who worked < 6 feet (2 meters) from one another at the production line.
Another study reported 16.233 COVID-19 cases and 86 COVID-19-related
deaths among workers in 239 facilities (Waltenburg 2020). The percentage of
workers with COVID-19 ranged from 3,1% to over 20% per facility
(Waltenburg 2020).

Promiscuity, noise, cold and humid conditions are currently favored as ex-
planations for these unusual outbreaks. In Spain, the above-mentioned analy-
sis of 551 outbreaks linked around 500 out of 6208 cases (8%) to occupational
settings, in particular, workers in the fruit and vegetable sector and workers
at slaughterhouses or meat processing plants (NCOMG 2020). One study sug-
gested that by 21 July 2020, in the USA alone, livestock processing plants may
have been associated with 236.000 to 310.000 COVID-19 cases (6 to 8% of total
US cases) and 4300 to 5200 deaths (3 to 4% of total US cases) (Taylor 2020).

Schools and nurseries

Schoolchildren usually play a major role in the spread of respiratory viruses,
including influenza. However, while the SARS-CoV-2 virus has been detected
in many children, they generally experience milder symptoms than adults,
need intensive care less frequently and have a low death rate. An analysis of
data from Canada, China, Italy, Japan, Singapore and South Korea found that
susceptibility to infection in individuals under 20 years of age was approxi-
mately half that of adults aged over 20 years, and that clinical symptoms are
manifest in 21% of infections in 10-to-19-year-olds, rising to 69% of infections
in people aged over 70 years (Davis 2020).

However, the role of children in SARS-COV-2 transmission is still unclear.
Early in the pandemic, several studies suggested that children rarely transmit
the infection. In a small COVID-19 cluster detected in the French Alps at the
end of January, one person returning from Singapore infected eleven other
people, including a nine-year-old schoolboy. The researchers closely tracked
and tested all contacts (Danis 2020). The boy had gone to school while show-
ing COVID-19 symptoms and was estimated to have had more than 60 high-
risk close contacts. No one was found positive to the coronavirus, though
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many had other respiratory infections. Also, no trace of the virus was found
in the boy’s two siblings who were on the same Alpine vacation.

A study by the Institut Pasteur in April 2020 (before the school closure in
France) that included 510 primary school children concluded that “it appears
that the children did not spread the infection to other students, or to teach-
ers or other staff at the schools”. Another study in 40 patients less that 16
years old in Geneva, Switzerland (Posfay-Barbe 2020) also concluded that un-
like with other viral respiratory infections, children do not seem to be a ma-
jor vector of SARS-CoV-2 transmission, with most pediatric cases described
inside familial clusters and no documentation of child-to-child or child-to-
adult transmission.

However, a review of 14 published studies (Rajmil 2020) was less categorical,
simply concluding that children are not transmitters to a greater extent than
adults. A metanalysis of published evidence (Viner 2020) states that there is
insufficient evidence to conclude whether transmission of SARS-CoV-2 by
children is lower than by adults.

CDC reported in September on twelve children who acquired COVID-19 in
three different child-care facilities in Utah. It documented transmission from
these children to at least 12 (26%) of 46 non-facility contacts and that trans-
mission was observed from two of three children with confirmed, asympto-
matic COVID-19. In addition, several studies have found that both sympto-
matic and asymptomatic children can shed the SARS-CoV-2 virus for several
days or weeks after infection (Liu M 2020, Han 2020). However, qualitative
positive or negative findings for molecular detection of virus may not neces-
sarily correlate with infectivity (DeBiasi 2020).

In the early autumn of 2020, if and how to re-open schools was a hot world-
wide debate. In Taiwan, authorities established general guidelines, including
a combination of strategies such as active campus-based screening and access
control; school-based screening and quarantine protocols; student and facul-
ty quarantine when warranted; mobilization of administrative and health
center staff; regulation of dormitories and cafeterias; and reinforcement of
personal hygiene, environmental sanitation, and indoor air ventilation prac-
tices (Cheng SY 2020). Most European countries initially decided to reopen
schools, considering the possible increase in infections as being less damaging
than the loss of education in schoolchildren. At the time of this writing (early
December), the reopening of schools in European countries does not seem to
have contributed substantially to national epidemics. In Germany, only a few
and mostly small COVID-19 school outbreaks have been reported (Otte im
Kamps E 2020). It can indeed be difficult to determine if children were infect-
ed at home, at school (by their peers or by their teachers), or outside during
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social or sport gatherings. In some school clusters, the index cases identified
were teachers and/or parents (Torres 2020), so school prevention should fo-
cus on enforcing preventive measures and avoiding new cases among teach-
ers.

Whatever the rules, mind the exceptions. In Poland, within 2 weeks of the
reopening of a nursery, a cluster of 29 persons emerged: 8 were children at-
tending the nursery, and 12 were children’s family members who did not en-
ter the facility. The high attack rates were explained by the prolonged close
contact between very young children who are, of course, less able to adjust to
control measures (Okarska-Napierata 2020).

In any case, close monitoring of school clusters will provide much needed
additional data that might help clarify the role of children of different ages in
the spread of the virus, and whether schools can be considered hotspots or
not of SARS-CoV-2 transmission. Meanwhile, at the peak of the second wave,
several countries, including Austria, Poland, Greece, Italy, and the US, have
imposed again temporary full or partial school closures (UNESCO).

Universities

Reopening of US universities after the summer of 2020 was not always
smooth. North Carolina university fully opened its campus for the first time
since transitioning to primarily remote learning in March. Consistent with
CDC guidance at that time, steps were taken to prevent the spread of SARS-
CoV-2 on campus (i.e., daily symptom checks, use of masks in all indoor
common spaces and classrooms, physical distancing of = 6 feet in indoor and
outdoor settings). These steps were not sufficient. Within 3 weeks, 670 labora-
tory-confirmed cases were identified. Student gatherings and congregate liv-
ing settings, both on and off campus, likely contributed to the rapid spread
(Wilson 2020).

Again in North Carolina, at Duke University, the COVID-19 prevention strate-
gy included risk reduction behaviors, but also frequent SARS-CoV-2 PCR test-
ing using pooled samples and contact tracing. Of 10.265 students who were
tested a total of 68.913 times, 84 had positive results (Denny 2020). Of these,
51% were asymptomatic, and some had high viral loads. This testing approach
allowed campus to remain open for 10 weeks of classes without substantial
outbreaks among residential or off-campus populations. Importantly, no evi-
dence from contact tracing linked transmission with in-person classes.

To prevent SARS-CoV-2 from entering campuses, a two-week quarantine at
home before entering a closed college campus was ordered. It was not suffi-
cient, as shown by an investigation among US Marine Corps. Around 2% of
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recruits who had had negative results for SARS-CoV-2 at the beginning of a
supervised quarantine tested positive within two weeks (Letizia 2020). Most
recruits who tested positive were asymptomatic, and no infections were de-
tected through daily symptoms monitoring. The author’s short conclusion:
“Transmission clusters occur within platoons.”

Family meetings

All family meetings - in small or enlarged circles (e.g., birthdays, marriages,
funerals, Christmas, Easter, 421, Eid al-Adha, Thanksgiving, etc.) have the
potential for triggering explosive local epidemics. In rural Maine, USA, a mar-
riage with 53 guests was the start of a cluster 177 cases, with seven hospitali-
zations and seven deaths (Mahale 2020). (Editor’s note: Do you want to contribute
to 7 deaths through your marriage?)

Mass gatherings

Sports events

Sports events can expose both sportswomen, sportsmen and spectators to
SARS-CoV-2. In an unintentional experiment, the German national team of
amateur boxers proved that 100% transmission rates can be achieved in a few
days. In a training camp, some of the 18 athletes and 7 coaches and supervi-
sors started having flu-like symptoms. Four days later, all 25 persons tested
positive for SARS-CoV-2 (Anonymous 2020). In the USA, a recreational ice
hockey game was played between two teams, each consisting of 11 players
(typically six on the ice and five on the bench at any given time). The players
were men aged 19-53 years. During the 5 days after the game, 15 persons (14
of the 22 players and a rink staff member) experienced signs and symptoms
compatible with COVID-19 (Atrubin 2020).

Sports events can expose entire populations to SARS-CoV-2. A football match
played in Milan, Italy on 19 February 2020 has been described as “Game zero”
or “a biological bomb”. The match was attended by 40.000 fans from Bergamo
and 2.500 from Valencia, Spain, and was played just two days before the first
positive case of COVID-19 was confirmed in Lombardy. A few weeks later, 35%
of Valencia’s team members tested positive for the coronavirus, as did several
Valencia fans. By mid-March, there were nearly 7000 people in Bergamo who
had tested positive for the coronavirus with more than 1000 deaths, making
Bergamo the most heavily hit province during the initial COVID-19 epidemic
in Italy.

Other sports events have been implicated in the SARS-CoV-2 spread, includ-
ing the match between Liverpool and Atletico Madrid, held at Anfield stadium
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on 11th March and attended by 3000 supporters from Madrid, the center of
the pandemic in Spain, and the Cheltenham horseracing festival, with races
attracting crowds of over 60.000 people (Sassano 2020). Most national and
international large sporting events, cancelled or postponed in the first half of
2020, resumed during the summer months, though with closed doors or ma-
jor limitations in the number of spectators. Large sports events including tens
of thousands of spectators might not take place for several years to come.

Religious gatherings

Several mass religious events have been associated with explosive outbreaks
of COVID-19 in South Korea, USA, France, and many more places. As men-
tioned above, in April 2020, 5212 coronavirus cases were related to an out-
break at the Shincheonji Church in South Korea, accounting for about 48,7%
of all infections in the country at that time.

The annual gathering of the Christian Open Door Church, held on 17-24 Feb-
ruary in Mulhouse, France and attended by about 2500 people, became the
first significant cluster in France. After a parishioner and 18 family members
tested positive on 1 March, a flurry of reported cases brought the existence of
a cluster to light. According to an investigative report by France Info, more
than 1000 infected members from the rally in Mulhouse contributed to the
start of the COVID-19 epidemic in France. Many diagnosed cases and deaths in
France as well as Switzerland, Belgium and Germany were linked to this gath-
ering.

Another report described 35 confirmed COVID-19 cases among 92 attendees
at church events in Arkansas, USA, during March 6-11. The estimated attack
rates ranged from 38% to 78% (James 2020). In Frankfurt, Germany, one of the
first post-lockdown clusters started during a religious ceremony held on 10
May. As of 26 May, 112 individuals were confirmed to be infected with SARS-
CoV-2 (Frankfurter Rundschau). Editor’s note: May we suggest that going to
church does not protect you from SARS-CoV-2?

Huge religious mass gatherings should probably be postponed. Gatherings
that attract millions of pilgrims from many countries (with pilgrims typically
> 50 years old and often suffering from a chronic disease such as diabetes or
cardiovascular disease [Mubarak 2020]) clearly have the potential to create
giga-spreading events, saturating designated hospital wards and ICU capacity
within days. Reducing the number of pilgrims and excluding foreign pilgrims
is therefore a wise decision (Khan 2020, Ebrahim 2020). Events attended by
even more people, such as the Sabarimala annual 41-day Hindu pilgrimage
(average attendance: 25 million people) would need even more careful plan-
ning (Nayar 2020).
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Closed and densely populated spaces

Prisons

According to WHO, people deprived of their liberty, such as people in prisons
and other places of detention, are more vulnerable to COVID-19 outbreaks
(WHO 200315). People in prison are forced to live in close proximity, which
may facilitate infection, amplification and spread of infectious diseases within
and beyond prisons. The global prison population is estimated at 11 million
and prisons are in no way “equipped” to deal with COVID-19 (Burki 2020).

By August 2020, 90 of the largest 100 cluster outbreaks in the US had occurred
in prisons and jails (Wang 2020). In US prisons, COVID-19 attack rates can be
high. By June 6, 2020, there had been 42.107 cases and 510 deaths among 1,3
million prisoners (Saloner 2020, Wallace 2020). Among 98 detained persons in
Louisiana who were quarantined because of virus exposure, 71 (72%) had
SARS-CoV-2 infection identified through serial testing, among them 45%
without any symptoms at the time of testing (Njuguna 2020). In July 2020,
more than one-third of the inmates and staff (1600 people) in San Quentin
Prison tested positive. Six died (Maxmen 2020). Still in July 2020, the rate of
COVID-19 among incarcerated individuals in Massachusetts was nearly 3
times that of the general population and 5 times the US rate (Jiménez 2020).
The strongest risk factor for SARS-CoV-2 infection among 10.304 incarcerated
persons in Connecticut was dormitory housing (odds ratio 35.3) (Kennedy
2020). Reducing the incarcerated population (“de-carceration”) is an im-
portant and urgent strategy for mitigating viral transmission in prisons and
jails (Wang 2020).

Homeless shelters

Shelters for homeless people can also become hotspots of SARS-CoV-2 trans-
mission. Testing 1192 residents and 313 staff members in 19 homeless shelters
from 4 US cities (see table online) found infection rates of up to 66% (Mosites
2020). In another report from Boston, Massachusetts, 147/408 (36%) homeless
shelter residents were found to be positive. Of note, 88% had no fever or other
symptoms at the time of diagnosis (Baggett 2020).

In yet another study of 14 homeless shelters in King County, Washington, re-
searchers divided the number of positive cases by the total number of partic-
ipant encounters, regardless of symptoms. Among 1434 encounters, 29 (2%)
cases of SARS-CoV-2 infection were detected across 5 shelters. Eighty-six per-
cent of persons with positive test results slept in a communal space rather
than in a private or shared room (Rogers 2020).
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Cruise ships, aircraft carriers, etc.

Cruise ships carry many people in confined spaces. On 3 February 2020, 10
cases of COVID-19 were reported on the Diamond Princess cruise ship off the
cost of Japan. Within 24 hours, all sick passengers were isolated and removed
from the ship and the rest of the passengers quarantined on board. Over time,
more than 700 of the 3700 passengers and crew tested positive (around 20%).
One study suggested that without any intervention 2920 individuals (79%)
could have been infected (Rocklov 2020). The study also estimated that an
early evacuation of all passengers on 3 February would have been associated
with only 76 infections. For cruise ships, SARS-CoV-2 may spell disaster - car-
rying village-loads of people from one place to another may not be a viable
business model for years to come.

Big navy vessels such as aircraft carriers can become floating petri dishes for
emerging viral respiratory diseases. Already in 1996, an outbreak of influenza
A (H3N2) occurred aboard a navy ship. At least 42% of the crew became ill
within few days, although 95% had been appropriately vaccinated (Earhart
2001). Since the beginning of the year, several outbreaks of COVID-19 on mili-
tary ships have been reported, facilitated by the small, enclosed areas of work
and the lack of private quarters for the crew. The largest outbreaks have been
reported on the USS Theodore Roosevelt and the French aircraft carrier Charles-
de-Gaulle.

On the Theodore Roosevelt, in late March, 1271 crew members (26,6%) tested
positive for SARS-CoV-2. Among them, 76,9% (978/1271) had no symptoms
when they tested positive and 55% developed symptoms during the clinical
course. Among the 1331 crew members with suspected or confirmed COVID-
19, 23 (1,7%) were hospitalized, 4 (0,3%) received intensive care, and 1 died.
Crew members who worked in confined spaces appeared more likely to be-
come infected. The authors concluded that SARS-CoV-2 transmission is facili-
tated by close-quarters conditions and by asymptomatic and pre-
symptomatic infected crew members (Kasper 2020). A previous report had
found that preventive measures reduced the risk of infection: among 382 ser-
vice members, those who reported taking preventive measures had a lower
infection rate than did those who did not report taking these measures (e.g.,
wearing a face-covering, 56% versus 81%; avoiding common areas, 54% versus
68%; and observing social distancing, 55% versus 70%, respectively) (Payne
2020).

On the French aircraft carrier Charles-de-Gaulle, a massive epidemic was con-
firmed on 17 April. Among the 1760 sailors, 1046 (59%) were positive for
SARS-CoV-2, 500 (28%) presented symptoms, 24 (1,3%) sailors were hospital-
ized, 8 required oxygen therapy and one was admitted to intensive care.
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Smaller clusters have also been reported on 5 other US military vessels, and
in one each from France, Taiwan, and Holland. However, given usual security
policies and communication restrictions of national armies and navies, it is
possible that other unreported clusters of cases and even deaths might have
occurred.

Special Aspects of the Pandemic

The COVID-19 pandemic and the international response to it have highlighted
several specific aspects, including both successes and failures. Lessons
learned from different countries should be used to inform the preparedness
for, and management of, future pandemics (by coronaviruses, influenza vi-
ruses or by as yet unknown pathogens):

e  First outbreak (China)

e Surprise or unpreparedness (Italy)

e  Unwillingness to prepare (UK, USA, Brazil)
e  Partial preparedness (France)

e Preparedness (Germany)

e Herd immunity? (Sweden)

e Deferred beginning (South America)

e Splendid isolation (New Zealand, Australia)

e  Unknown outcome (Africa)

First outbreak (China)

China was caught by surprise by the COVID-19 outbreak - as any other nation
would have been - but “thanks” to the experience of the SARS outbreak in
2003 (Kamps-Hoffmann 2003), was prepared for it. At first, the epidemic
spread within Wuhan and Hubei Province (December 2019, Li Q 2020) and
then nationwide to all provinces in January 2020, favored by travelers depart-
ing from Wuhan before the Chinese Spring Festival (Zhong 2020, Jia JS 2020).
However, within 3 weeks from the identification of the new virus, the gov-
ernment ordered the lockdown of more than 50 million people in Wuhan and
the surrounding province of Hubei, as well as strict quarantine measures and
travel restrictions for hundreds of millions of Chinese citizens. This astonish-
ing first in human history achieved what even specialists did not dare to
dream: curbing an epidemic caused by a highly contagious virus (Lau 2020).
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As early as four weeks after the Wuhan lockdown, there was evidence that
strict containment measures were capable of curbing a SARS-CoV-2 epidemic
as shown in Figure 1.1. The lesson from China: it is possible to lockdown en-
tire provinces or countries and lockdown works. Some health authorities in
the Western Hemisphere followed the example of China (Italy, for example,
ordered a lockdown as early as 18 days after the diagnosis of the first autoch-
thonous case), other governments did not. It cannot be overemphasized that
China has basically managed to control the spread of SARS-CoV-2 since
March. How was that possible (Burki 2020)?
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Figure 1.1. The Chinese outbreak in January/February 2020. Epidemic curves by symptom
onset and date of report on 20 February 2020 for laboratory confirmed COVID-19 cases for
all of China. Modified from Report of the WHO-China Joint Mission on Coronavirus Disease
2019 (COVID-19), 16-24 February 2020. https://www.who.int/publications-detail/report-of-
the-who-china-joint-mission-on-coronavirus-disease-2019-(covid-19)

Preparedness (Taiwan, Vietnam, Japan)

On 7 June, Taiwan (24 million people with a population density of 650/km?)
had reported only 443 cases and 7 deaths. Most SARS-CoV-2 infections were
not autochthonous. As of 6 April 2020, 321 imported cases were reported in
Taiwanese citizens who had travelled to 37 different countries for tourism,
business, work, or study (Liu JY 2020). From the beginning, Taiwan drew on
its SARS experience to focus on protecting health care workers’ safety and
strengthening pandemic response (Schwartz 2020 + The Guardian, 13 March
2020). An early study suggested that identifying and isolating symptomatic
patients alone might not suffice to contain the spread of the virus and rec-
ommended more generalized measures such as social distancing (Cheng HY
2020). Big data analytics were used in containing the epidemic. On one occa-
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sion, authorities offered self-monitoring and self-quarantine to 627.386 peo-
ple who were potential contacts of more than 3000 passengers of a cruise
ship. These passengers had disembarked at Keelung Harbor in Taiwan for a 1-
day tour five days before the COVID-19 outbreak on the Diamond Princess
cruise ship on February 5%, 2020 (Chen CM 2020).

Vietnam did remarkably well too. One hundred days after the first SARS-
CoV-2 case was reported in Vietnam on January 23™, only 270 cases had been
confirmed, with no deaths. Although there was a high proportion of asymp-
tomatic and imported cases as well as evidence for substantial pre-
symptomatic transmission, Vietnam controlled the spread of SARS-CoV-2
through the early introduction of mass communication, meticulous contact-
tracing with strict quarantine, and international travel restrictions (Pham QT
2020).

Finally, in Japan, public adherence to the rules, along with cluster tracing
and a ban on mass gatherings, helped bring the outbreak under control.
Where widespread mask use and hygiene is a normal part of etiquette, com-
batting SARS-CoV-2 is a lot easier (Looi 2020).

Experiences from these countries show that effective testing and contact
tracing, combined with physical distancing measures, can keep the pandemic
at bay and an economy open. Health is the key to wealth.

Surprise or unpreparedness (Italy)

Italy was the first European country struck by the pandemic. Although the
first local case was diagnosed only on 20 February, the force of the outbreak
suggests that the virus had been circulating for weeks among asymptomatic
or pauci-symptomatic people, possibly from as early as 1 January (Cereda
2020,Gadmbaro 2020). Genome analysis of SARS-CoV-2 isolates suggests that
the virus was introduced on multiple occasions (Giovanetti 2020).

However, it was not straightforward to decipher the subtle signs of coming
events, in Italy like elsewhere. During the winter flu season, COVID-19 deaths
in elderly people could easily be interpreted as flu deaths. And the rapid
spread of SARS-CoV-2 among the most active social age group - young people
crowded in bars, restaurants and discos —-would not have caused visible life-
threatening symptoms. Before being detected, the epidemic had plenty of
time (at least a month) to grow.

One additional reason for the delay in recognizing the encroaching epidemic
in Italy might have been the Italian ‘suspected COVID-19 case definition”. Fol-
lowing the suspected case definition recommended at that time by WHO, it
included the epidemiological criteria of ‘history of travel to China or contact
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with a person coming from China’ before requesting a PCR test. A strict appli-
cation of this case definition discouraged testing of suspected pneumonia
cases where the link with China was not clear (which would eventually hap-
pen everywhere after the first asymptomatic chains of infections). The young
anesthesiologist in Codogno who eventually requested the PCR test for
Mattia, the Italian patient #1, did it “under her own responsibility since not in
line with MOH guidelines”.

It is as yet unclear why the epidemic took such a dramatic turn in the north-
ern part of Italy, especially in Lombardy (Gedi Visual 2020), while other areas,
especially the southern provinces, were relative spared. Over-dispersion
might be an explanation (see above). Of note, healthcare in Italy is run re-
gionally and, for a long time, the Lombardy Region has favored the develop-
ment of a mostly private and hospital-centered health system, with great fa-
cilities but poor community-based services. This meant that COVID-19 pa-
tients were quick to run to the hospital, even with minor symptoms, resulting
in overcrowded emergency services and major nosocomial spread. A more
decentralized and community-based system like in the Veneto Region (plus
maybe a bit of luck) could have greatly reduced the mortality from COVID-19
in Lombardy.

In addition, since 2006 Italy had not updated nor implemented the national
pandemic preparedness plan. The lack of preparedness and the overlap of
responsibilities hampered considerably the initial coordination of the nation-
al response between the regions and the central government.

Unwillingness to prepare, or simple denial (UK, Iran, USA, Bra-
zil)

In the United Kingdom, clumsy political maneuvering delayed the start of
effective lockdown measures by a week or more. As the epidemic doubled in
size about every 7 days (Li 2020), around 50% and 75% of all deaths might
have been prevented had lockdown or social distancing measures been or-
dered one or two weeks earlier, respectively. Early data from Ireland and the
United Kingdom seem to confirm this assumption. Each day of delay in-
creased mortality risk by 5 to 6% (Yehya 2020). The consequences were dra-
matic (Stoke 2020, Maxmen 2020).

Like in Iran, where the regime covered up news of the coronavirus for three
days to avoid impacting on the turnout at parliamentary elections on 21 Feb-
ruary, domestic politics (or paranoia, see BMJ, 6 March 2020) influenced the
epidemic response in the USA. Scientific advice from CDC and other national
public health institutions was ignored (The Lancet 2020). The US is now the
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country with the highest number of cases and deaths. Without their unprece-
dented vacuum in leadership (NEJM Editors 2020), most of these deaths could
have been prevented. And Brazil, which is also not an example of good gov-
ernance performance, has become the country with the second highest num-
ber of deaths in the world.

Partial preparedness (France)

France was partially prepared. During the first national outbreak near Mul-
house, hospitals were overwhelmed. Despite the updated and well-structured
pandemic plan, personal protective equipment was in short supply all over
the country; in particular, face masks were sorely lacking after a quixotic de-
cision by the Hollande government to greatly reduce the planned stocks of 1,7
billion protective masks (surgical and FFP2) available in 2009 and considered
too expensive, to only 145 million surgical masks in 2020 ( “Nous n’allons pas
gérer des stocks de masques, c’est cotiteux, parce qu’il faut les détruire tous les cing
ans.”)* (Le Monde 200506).

However, France, thanks to Italy, had an important advantage: time. It had
several weeks to learn from the events in Lombardy. When, on the weekend
of 21 March, virtually from one day to the next, patients started pouring into
the hospitals of the Greater Paris Region, the number of available intensive
care unit beds had already been increased from 1400 to 2000. Furthermore,
two years before, in a simulation of a major terrorist attack, France had test-
ed the use of a high-speed TGV train for transporting casualties. At the height
of the COVID epidemic, more than 500 patients were evacuated from epidem-
ic hotspots like Alsace and the Greater Paris area to regions with fewer
COVID-19 cases. Specially adapted high-speed trains as well as aircraft were
employed, transporting patients as far away as Brittany and the Bordeaux
area in the South-West, 600 km from Paris and 1000 km from Mulhouse. The
French management of ICU beds was a huge logistical success.

Good virologists, huge lab network, family doctors (Germany)

Germany’s fatality rate is lower than in other countries. It is assumed that
the main reason for this difference is simply more tests. While other coun-
tries were conducting a limited number of tests in older patients with severe
disease, Germany was doing many more tests that included milder cases in
younger people (Stafford 2020). The more people with no or mild symptoms
you test and isolate, the lower the fatality rate and the spread of infection.

', We are not going to manage mask stocks, it is expensive, because we have to destroy them
every five years.”
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Furthermore, in Germany’s public health system, SARS-CoV-2 testing was not
restricted to central laboratories as in many other nations but could be con-
ducted at quality-controlled laboratories throughout the country. Thanks to
reliable PCR methods that had been developed by the end of January from the
Drosten group at Berlin’s Charité (Corman 2020), within a few weeks the
overall capacity reached half a million PCR tests a week. The same low fatality
rate is seen in South Korea, another country with high testing rates.

Finally, another important reason for the low mortality in Germany might be
the age distribution. During the first weeks of the epidemic, most people be-
came infected during carnival sessions or ski holidays. The majority were
younger than 50 years of age. Mortality in this age group is markedly lower
than in older people.

As a result of these first-wave distinctive features, the case-fatality rate (CFR)
of COVID was 0,7% in Germany, compared with CFRs as high as 9,3% and 7,4%
in Italy and the Netherlands, respectively (Sudharsanan 2020, Fisman 2020).
Age distribution of cases may explain as much as 66% of the variation of
SARS-CoV-2 cases across countries (Sudharsanan 2020).

Did the experience of the first SARS-CoV-2 wave help Germany during the
second wave? It didn’t! (Figure 1.2)
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Figure 1.2. Daily new confirmed COVID-19 deaths per million people. Rolling 7-day
average. Source: Our World in Data +Johns HopkinsUniversity CSSE COVID-19 Data.
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Christmas

At the beginning of December 2020, Ireland seemed to be a model of a “good”
pandemic. In early January, the country of about 5 million inhabitants rec-
orded 50,000 new SARS-CoV-2 cases in just one week. Ireland is the place in
the world where the virus is now spreading the fastest, with 1323 new daily
cases detected per million inhabitants (Figure 1.3). The English variant B117
is currently responsible for more than 40% of new cases. The reason for the
sudden resurgence is probably linked to a combination of factors: Christmas,
pubs, restaurants, relaxation due to having done so well (less masks, distanc-
ing).
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Figure 1.3. Daily new confirmed COVID-19 cases per million people. Rolling 7-day average.
Source: Our World in Data +Johns HopkinsUniversity CSSE COVID-19 Data.

Herd immunity? Not yet! (Sweden)

Sweden has never really imposed a lockdown, counting on the population to
adopt individual physical distancing and other protective measures to curb
the transmission of SARS-CoV-2. The price was high (Habib 2020). In October
2020, Sweden had a death rate 10 times higher than Norway and five times
higher than Denmark, with most deaths occurring in care homes and immi-
grant communities. Still worse, Sweden did not benefit economically of its
no-lockdown approach as its economic performance contracted at a similar
rate as countries in the rest of Europe (Financial Times, 10 May 2020).
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At the end of the summer, some people speculated that the winter would
have reduced the mortality gap between Sweden and Norway or Denmark.
Would Sweden, after accepting many deaths in spring, see fewer of them in
the future? Would a (still low!) level of community immunity help slow down
the epidemic in winter? After all, cell phone data had shown that Swedes
traveled less during the summer than, for example, Norwegians or Danes, and
might have imported less infections from summer vacation hotspots.

In any case, it did not work. Simply allowing a deadly pathogen to spread to
reach herd immunity is a thing of the past (Aschwanden 2020, Randolph
2020). We have now much better knowledge and tools, even in the absence of
vaccines, to at least mitigate, if not suppress completely, any potential pan-
demic. We just need to apply them widely and consistently (Bedford 2020).

Deferred beginning, then major impact (South America)

The first case of COVID-19 in Latin America was reported on 26 February in
Brazil and by early April all countries had reported at least one imported
case. However, in the initial months of 2020, the number of cases was low in
South America compared to Europe or Asia (Haider 2020). As a matter of fact,
the local epidemics took off roughly 4 weeks later than in Europe (see
www.worldometers.info/coronavirus).

However, the epidemic accelerated during the month of May when South
America become the epicenter of the coronavirus pandemic according to
WHO. In September, Latin America, home to around 8% of the world’s popula-
tion, accounted for over a quarter of all confirmed COVID-19 cases and nearly
a third of all related deaths. There was, however, wide variation between
countries, with Brazil and Mexico having some of the worst epidemics in the
world, while Uruguay infection rates were comparable to the best performing
countries in Asia or Europe (Taylor 2020).

According to Marcos Espinal and colleagues from WHO/PAHO, there are sev-
eral factors in Latin America that make this pandemic more difficult to man-
age: inequality, belts of poverty surrounding big cities, informal economies,
and difficult areas of access. Here, as elsewhere, leadership and sound public
health policies made a difference. Both Brazil’s and Mexico’s presidents have
been widely criticized for playing down the threat of COVID-19, not taking
action to slow its spread, and suggesting alternative ineffective ways of pro-
tection (for example, the use of traditional scarves (?) instead of face masks).

However, other countries have performed much better, managing to keep
infections low. Cuba and Costa Rica, for example, have enforced strict test-
ing, isolation and quarantine measures. The most successful country so far
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has been Uruguay that managed, though a mix of effective testing, contact
tracing, isolation and quarantine, to keep infection rates very low without
generalized lockdowns. The President simply asked, rather than ordered,
people to stay home for their own well-being and that of fellow citizens
(Taylor 2020).

Splendid isolation (New Zealand, Australia)

Australia, New Zealand, French Polynesia, Fiji, New Caledonia and Papua New
Guinea and Oceania are among the least hit areas in the world. Geographically
isolated islands or island states should be the ideal candidates for elimination
trials. However, even New Zealand, which viewed itself in the post-
elimination stage and where public life had returned to near normal (Baker
2020), was suddenly called back into COVID-19 reality when new autoch-
tonous cases were discovered in August 2020.

In Australia, transmission was initially driven by multiple SARS-CoV-2 im-
portations by international travelers which accounted for over half of locally
acquired cases (Seemann 2020). However, on 20 June, the State of Victoria
reported a spike in community transmitted cases, apparently following lax
implementation of quarantine measures, that resulted in a large outbreak
with more than 20.000 cases and 800 deaths and the imposition of strict lock-
down measures in the State and a night curfew in Melbourne. Easing of re-
strictions only started mid-September, following a major decrease in the
number of new cases.

Both Australia and New Zealand have considered a strategy of COVID-19 elim-
ination, i.e., the absence of sustained endemic community transmission in the
country. Later outbreaks raised the question of whether elimination is a rea-
sonable goal (Hewyood 2020). The elimination of any infectious disease is an
ambitious objective, requiring strong public health measures and substantial
resources. In principle, a zero-case scenario of not less than three months
would be the condition for declaring a state or country SARS-CoV-2-free.
Then, strict travel and border restrictions and quarantine measures must be
implemented over a prolonged period, as the virus continues to spread
around the world. It looks like international travel to New Zealand and Aus-
tralia may continue to be banned for quite some time.

Africa: The unknown outcome

The high transmissibility of SARS-CoV-2, combined with the scarcity of cru-
cial health equipment, facilities and human resources, and the challenges of
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implementing widespread case isolation (Wells 2020), was expected to result
in a devastating impact of COVID-19 on African countries.

These predictions have not materialized. There has been no COVID-19 explo-
sion in Africa, although seroprevalence data are comparable to those from
European countries like France, Italy and Spain. However, the burden and
outcomes associated with COVID-19 shows substantial variations across Afri-
can countries [Twahirwa 2020]. (There is no ‘one’ Africa!)

In April-June 2020, the crude prevalence of anti-SARS-CoV-2 IgG among blood
donors in Kenya was 5,6% (174/3098). It was highest in urban counties, Mom-
basa (8,0%), Nairobi (7,3%) and Kisumu (5,5%) (Uyoga 2020). Of note, Kenya
had reported only 341 deaths by the end of that period. The authors conclude
that the sharp contrast between the reported COVID-19 cases and deaths sug-
gests that the disease might be attenuated in Africa.

Has time come to hypothesize an “African demographic exception”? In the
Democratic Republic of the Congo and Malawi, for instance, only 2-3% of the
population is older than 65 years (Kalk 2020), in sharp contrast to Europe at
20,5% or Lombardy at 26%. If > 65-year-old SARS-CoV-2 infected individuals
are 100 times more likely to die from COVID-19 than a 25-year-old, we should
expect two different epidemics. Simply, the age pyramid might make the dif-
ference.

The SARS-CoV-2 pandemic: Past and Future

Natural course of a pandemic

The COVID-19 epidemic started in Wuhan, in Hubei province, China, and
spread within 30 days from Hubei to the rest of mainland China, to neighbor-
ing countries (in particular, South Korea, Hong Kong and Singapore) and west
to Iran, Europe and the Americas. The first huge outbreaks occurred in re-
gions with cold winters (Wuhan, Iran, Northern Italy, the Alsace region in
France).

Fifty years ago, the course of the COVID-19 pandemic would have been differ-
ent, with slower global spread but higher burden due to limited diagnostic
and therapeutic capacities and no option of nation-wide lockdowns (see also a
report of the influenza pandemics in 1957 and 1968: Honigsbaum 2020). Ac-
cording to one (controversial) simulation, in the absence of effective treat-
ment and with a mortality rate of around 0,5%, without interventions COVID-
19 would have resulted in 7 billion infections and 40 million deaths globally
during the first year (Patrick 2020). The peak in mortality (daily deaths)
would have been observed approximately 3 months after the beginning of
local epidemics. Another model predicted that 80% of the US population
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(around 260 million people) would have contracted the disease. Of those, 2,2
million Americans would have died, including 4% to 8% of those over age 70
(Ferguson 2020). In Germany alone, the SARS-CoV-2 pandemic could have
resulted in 730.000 deaths (Barbarossa 2020) with 500.000 deaths each in
France, Italy, Spain and the UK.

The 2020 Lockdowns

Fortunately, the world has been spared from a freely circulating SARS-CoV-2.
If humanity can change the climate, why shouldn’t we be able to change the
course of a pandemic? Although economists warned that unemployment
could surpass the levels reached during the Great Depression in the 1930s, at
first, almost all governments considered saving hundreds of thousands lives
more important than avoiding a massive economic recession. First in China,
six weeks later in Italy and another a week later in most Western European
countries, and later in the US and in many other countries in the world, un-
precedented experiments of gigantic dimensions were started: ordering en-
tire regions or the whole nation to lockdown. By the first week of April,
4 billion people worldwide were under some form of lockdown — more than
half of the world’s population.

Lockdowns in Europe were generally less strict than in China, allowing the
continuation of essential services and industries and the circulation of people
when justified. People were generally compliant to mandatory stay-at-home
orders, even in the US. Based on location data from mobile devices, in 97,6%
of US counties these orders were associated with decreased median popula-
tion movement (Moreland 2020). Lockdowns were generally also well accept-
ed. During the week of May 5-12, 2020, a survey among 2402 adults In New
York City and Los Angeles found widespread support of stay-at-home orders
and non-essential business closures, and a high degree of adherence to
COVID-19 mitigation guidelines (Czeisler 2020).

Lockdowns were also successful in slowing down the pandemic. In New York
City, SARS-CoV-2 prevalence varied substantially between boroughs between
22 March and 3 May 2020 (for example, Manhattan: 11,3%; South Queens:
26,0%). These differences in prevalence correlate with antecedent reductions
in commuting-style mobility between the boroughs. Prevalence was lowest in
boroughs with the greatest reductions in morning movements out of and
evening movements into the borough (Kissler 2020). According to one study,
between 12 and 15 million individuals in Europe had been infected with SARS-
CoV-2 by May 4th, representing only between 3,2% and 4,0% of the population
(Flaxman June 2020). Projected percentages of the total population infected
ranged from a low of 0,76% in Austria to a high of 8,0% in Belgium. In South
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America, lockdowns were successful, too, although they worked best among
the wealthy and less well among the less wealthy who had to choose at times
between the risk of dying from COVID or dying from hunger.

Curfews

Lockdowns are effective but frighteningly costly. The spring lockdown cost
most countries around 10% of their PIB with unforeseeable economic, politi-
cal and also health consequences; in exchange, they can “flatten the curve”
and did succeed in keeping seroprevalence rates low, somewhere between 1%
and 10%. Generalised lockdowns are clearly not a viable, long-term model for
the future.

Might curfews be a less costly alternative, both economically and socially? In
French Guiana, an French overseas départment, a combination of curfews and
targeted lockdowns in June and July 2020 was sufficient to avoid saturation of
hospitals. On weekdays, residents were first ordered to stay at home at 11
p.m., then at 9 p.m., later at 7 p.m., and finally at 5 p.m. On weekends, every-
one had to stay at home from 1 p.m. on Saturday (Andronico 2020). Whether
curfews can be successfully adapted to other areas than French Guiana, is not
known. French Guiana is a young territory with a median age of 25 years and
the risk of hospitalization following infection was only 30% that of France.
About 20% of the population had been infected with SARS-CoV-2 by July 2020
(Andronico 2020). Following Belgium and Germany, France has just imple-
mented now a night curfew in Paris and a few other major cities. Be prepared
to see more curfews orders over the coming six months.

The “second wave”

There is no real pandemic in Africa, a never-ending wave in the Americas,
and now a second wave in Europe. The worst may be yet to come (The Lancet
2020) with more people dying and every death leaving 10 more people
mourning a grandparent, parent, sibling, spouse, or child (Verdery 2020). Will
the SARS-CoV-2 pandemic follow the scenario of the 1918 influenza pandemic
(Horton 2020) with a much worst second wave? In anticipating local epidem-
ics, politicians should prepare for the worst, at least until spring 2021.

There are important differences between the springtime “first wave” of
COVID-19 epidemics in Europe and the late-summer and autumn second
wave. An important feature of this second wave of infections is its widespread
nature, as opposed to earlier, more localized outbreaks (e.g., northern Italy,
Madrid, Spain or Mulhouse, France.) More populated and better-connected
municipalities were generally affected earlier by the SARS-CoV-2 epidemic,
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and less populated municipalities at a later stage of the epidemic (de Souza
2020).

Relaxation of mitigation measures and the decreased burden of diseases dur-
ing the summer led to a resumption of “normal life” behaviors and a resur-
gence of infections. Initially, the diffusion of the virus may have appeared to
have few negative effects, only to lead to deadly outbreaks weeks or months
later (Thomas 2020). Public health messaging must stress that apparent lulls
in disease progress are not necessarily indicators that the threat has subsid-
ed, and that areas “passed over” by past outbreaks could be impacted at any
time.

A second major difference in this second wave is the role played by different
age groups in the spread of the virus. Understanding whether increasing in-
cidence is predominantly occurring in specific age groups is important for
identifying opportunities to prevent or reduce transmission (Oster 2020). In
the French Bouches-du-Rhéne department, which includes Marseille, the first
signs of the second wave were detected in wastewater on July 13° Three
weeks later, the first post-lockdown rise in new SARS-CoV-2 infections was
seen in young adults 20 to 29 years old; and again a few weeks later, infection
rates increased in older age groups. In Spain (NCOMG 2020), Switzerland (see
Figure 1.4) and other European countries, the second wave looked equally
triggered mostly by transmission among young adults in leisure venues such
as bars, restaurants, discos or clubs during the summer of 2020.

In the USA, the summer COVID-19 dynamic was comparable. During June-
August 2020, SARS-CoV-2 incidence was highest in persons aged 20-29 years,
who accounted for > 20% of all confirmed cases. Across the southern United
States, in June 2020, increases in percentage of positive SARS-CoV-2 test re-
sults among adults aged 20-39 years preceded increases among those aged =
60 years by 4-15 days (Boehmer 2020, Oster 2020). First the kids, then the
parents and, finally the grandparents - with unknown outcome?

? SARS-CoV-2 can be detected in wastewater using RT-qPCR. In one study, the total
load of gene equivalents in wastewater correlated with the cumulative and the acute
number of COVID-19 cases reported in the respective catchment areas [Westhaus
2020]. Note that wastewater is no route for SARS-CoV-2 transmission to humans! All
replication tests were negative tests.
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Figure 1.4. Weekly positive SARS-CoV-2 tests in Switzerland by age group (August 3
through October 5).Source: SRF, So entwickeln sich die Corona-Zahlen in der Schweiz
(https://www.srf.ch/news/schweiz/coronavirus-so-entwickeln-sich-die-corona-zahlen-in-der-
schweiz; accessed 12 October 2020).

Herd immunity: Not yet!

Herd immunity, the notion introduced to a wider public by a foolish politi-
cian, may not be on the agenda for a long time. Herd immunity, also known as
indirect protection, community immunity, or community protection, refers to the
protection of susceptible individuals against an infection when a sufficiently
large proportion of immune individuals exist in a population (Omer 2020). As
for now, not a single country is anywhere close to reaching herd immunity.
Even in past hotspots like Wuhan, the prevalence of SARS-CoV-2 IgG positivi-
ty was 9,6% among 1021 people applying for a permission to resume work
(the SARS-CoV-2 nucleic acid test needed to be negative) (Wu X 2020).

A French study projected 2,8 million or 4,4% (range: 2,8-7,2) prevalence of
infections in France. In Los Angeles, the prevalence of antibodies was 4,65%
(Sood 2020). (And even this low number may be biased because symptomatic
persons may have been more likely to participate.) A nationwide coronavirus
antibody study in Spain showed that about 5% of the population had con-
tracted the virus. These infection rates are clearly insufficient to avoid a sec-
ond wave of a SARS-CoV-2 epidemic (Salje 2020). Achieving herd immunity
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without overwhelming hospital capacity would require an unlikely balancing
of multiple poorly defined forces (Brett 2020).

Vaccines: In sight, finally! But be patient!

Very few experts expected safe and effective vaccines to become available
Christmas 2020. Modern technologies, massive funding, and both interna-
tional cooperation and competition are making it a reality. However, even if
vaccines are confirmed effective and safe soon, mass vaccination for COVID-
19 will be a huge logistic challenge and nobody should expect vaccines to
have a noticeable impact on the SARS-CoV-2 pandemic before at least the
summer of next year. In the meantime, people will need to be patient and
continue to practice and observe the established alternative ways of protec-
tion.

‘Variolation’ - Finding of the year?

Reducing the viral SARS-CoV-2 inoculum might not only reduce the probabil-
ity of infection but also favor an asymptomatic infection while still generat-
ing immunity. A few papers (Bielecki 2020, Ghandi 2020; see also the com-
ments to the paper by Rasmussen 2020, Brosseau 2020) suggested that if facial
masking may help in reducing the size of the viral inoculum, universal facial
masking might ensure that a greater proportion of new infections are asymp-
tomatic. If universal masking could be proved to be a form of ‘variolation’
(inoculation), it would be an additional argument in favor of mandatory mask
wearing.

Outlook

At the beginning of autumn, many feared a second COVID-19 wave compara-
ble to the devastating influenza pandemic during the autumn and winter
1918/1919 (Soper 1919). Fortunately, physical distancing (Bedford 2020) and -
when needed - partial selective lockdowns have not allowed SARS-CoV-2 to
play out its full potential. Now, with the first vaccine (BioNTech/Pfizer) ap-
proved in the UK and more vaccines and more approvals in other countries
within reach, we can be confident: SARS-CoV-2 will not be like HIN1 and we
have the tools and capacities to get through the winter (Bedford 2020).

A month ago, we asked ourselves, ‘How long will SARS-CoV-2 stay with us?
How long will it be before we return to pre-COVID-19 normalcy? For how long
a combination of physical distancing, enhanced testing, quarantine, and con-
tact tracing will be needed?” We were skeptical, saying that ‘even vaccines
might not have a substantial impact on the pandemic before 2024, if ever.” We
felt - and still feel today - that before mass vaccination, classical infection
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control measures are the only way to reduce the number of infections and
avoid healthcare systems from breaking down, leaving patients with other
morbidities - common emergencies and surgery, cancer treatment, manage-
ment of patients with chronic diseases - stranded and abandoned in a medi-
cal no-man’s land.

In December 2020, however, we see the light at the end of the SARS-CoV-2
tunnel. The prospects are bright - vaccines for 99% of people who are at risk
of severe COVID-19. This new future is still a few months away, though, and
how long the vaccine-induced immunity will last is still unknown. Bright pro-
spects should not induce the fateful error of lowering the guards. No nation
should repeat this winter the errors of the past summer. Summer 2020 taught
us that post-lockdown epidemic dynamics may be driven by younger adults
with gradual ‘spill-over’ into older age groups. The formula ‘young adults ->
parents -> grandparents -> death’ is clearly a simplistic model for the Europe-
an second wave. SARS-CoV-2 is introduced and spread in communities via all
conceivable routes. Yet, there are simple rules and behaviors than can mini-
mize the need for local lockdowns and economic hardship.

In situations of intense SARS-CoV-2 community transmission, the prevention
triad is simple:

1. Stop people from meeting each other in large gatherings.

2. If they MUST meet, have them wear face masks.

3. In any case reduce the time infected or suspected infectious people
meet any other people at all: test as much as possible, isolate cases
quickly and track the close contacts.

In transmission hotspots, restrictive social-distancing measures will need to
continue to be combined with widespread testing and contact tracing to slow
down the pandemic (Giordano 2020 + less realistic, Peto 2020). People should
concentrate on the essential activities of providing food and shelter as well as
continuing their job, school and university activities. All ‘aprés-work’ and
‘aprés-school’ activities should be reduced to a minimum (no evening bars, no
night life).

In such social slowdowns, people will need to avoid prolonged meetings with
people from outside their inner-core “friends-and-family-bubble”, in particu-
lar social events which bring people from many different families together
(e.g., marriages, funerals, religious events). Even inside the inner-core
“friends-and-family-bubble”, meetings should be restricted to a handful of
people. Economically, a social slowdown implies the temporary closure of
places where foreigners, strangers or simply unacquainted people meet: dis-
cos, amusement parks, bars, restaurants, brothels and many more. In a situa-
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tion of intense SARS-CoV-2 community transmission, strangers must not
come together.

Coronaviruses have come a long way (Weiss 2020) and will stay with us for a
long time. Questions still abound: When will we be able to move freely around
the world as we did before? Will we wear face masks for years? When we will
see the impact of COVID-19 vaccines on the spread of the virus? How long
will it take to vaccinate the majority of the global population? Will the im-
munity be long-lasting? Will the virus mutate, forcing new control measures
and a new rush for a more effective vaccine? Will there be any nightlife event
with densely packed people dancing and shouting and drinking in any city in
the world anytime soon? Nobody knows.

The French have an exquisitely precise formula to express unwillingness for
living in a world you do not recognize: “Un monde de con!” Fortunately, we are
slowly but surely capable of walking out of this “monde de con” thanks to a
scientific community that is larger, stronger, and faster than at any time in
history. (BTW, some politicians who were skeptical of science habe been oust-
ed out of office. It is hight time!)

As of today, we still do not know how long-lasting, how intense, and how
deadly this pandemic will be. We are walking on moving ground and, in the
coming months and years, we will need to continue to be flexible, resilient,
and inventive, looking for and finding solutions nobody would have imagined
just a few months ago. Sure enough though, science will lead the way out. If
we could leap five years into the future and read the story of COVID-19, we
would not believe our eyes.
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2. Transmission

Bernd Sebastian Kamps

Christian Hoffmann

Summary

The fundamental engines that drive the COVID-19 pandemic are now well
established (Lee EC 2020, Madewell 2020). A summary (Meyerowitz 2020):

1.
2.

Respiratory transmission is the dominant mode of transmission.
Vertical transmission occurs rarely; transplacental transmission has
been documented.

Direct contact and transmission through fomites (inanimate objects)
are presumed but are likely only an unusual mode of transmission.
Although live virus has been isolated from saliva and stool and viral
RNA has been isolated from semen and blood donations, there are no
reported cases of SARS-CoV-2 transmission via fecal-oral, sexual, or
bloodborne routes. To date, there is one cluster of possible fecal-
respiratory transmission.

Cats and ferrets can be infected and transmit to each other, but there
are no reported cases to date of transmission to humans; minks
transmit to each other and to humans.

For everyday life, the following five rules of thumb are helpful:

1.

Avoid crowded places (more than 5-10 people). The more people are
grouped together, the higher the probability that a superspreader
(see page 84) is present who emits infectious particles tens or hun-
dreds times more than a ‘normally’ contagious individual.

Avoid in particular crowded and closed spaces (the worst: air-
conditioned closed places where ‘old air’ is being moved around). In a
room where a SARS-CoV-2 infected individual is coughing frequently,
viable virus can be isolated from samples collected 2 to 4,8 meters
away.

Avoid in all circumstances crowded, closed and noisy spaces where
people must shout to communicate. Noise from machines or music in
a closed environment creates the perfect setting for a superspreader
event.

Outside crowded, closed or noisy spaces, keep a distance of 2 meters
to other people.

Always wear a fask mask in public spaces.
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Introduction

Viruses have substantially influenced human health, interactions with the
ecosphere, and societal history and structures (Chappell 2019). In a highly
connected world, microbial evolution is boosted and pathogens exploit hu-
man behaviors to their own benefit (Morens 2013). This was critically shown
during the SARS epidemic in 2003 (Kamps-Hoffmann 2003), the outbreak of
Middle East Respiratory Syndrome coronavirus (MERS-CoV) (Zaki 2012), the
last great Ebola epidemic in West Africa (Arwady 2015, Heymann 2015) and
the Zika epidemic in 2015-2017 (Fauci 2016). Over the same time period, more
virulent strains of known respiratory pathogens - H5N1 influenza virus, tu-
berculosis, avian H7N9 influenza virus - have emerged (Kamps-Hoffmann
2006, Jassal 2009, Gao 2013).

The Virus

SARS-CoV-2, Severe Acute Respiratory Syndrome coronavirus 2, is a highly
transmissible ‘complex killer’ (Cyranoski 2020) that forced half of humanity, 4
billion people, to bunker down in their homes in the early spring of 2020. The
respiratory disease rapidly evolved into a pandemic (Google 2020). In most
cases, the illness is asymptomatic or paucisymptomatic and self-limited. A
subset of infected individuals has severe symptoms and sometimes prolonged
courses (Garner 2020). Around 10% of infected people need hospitalization
and around one third of them treatment in intensive care units. The overall
mortality rate of SARS-CoV-2 infection seems to be less than 1%.

Coronaviruses are tiny spheres of about 70 to 80 nanometers (a millionth of a
millimeter) on thin-section electron microscopy (Perlman 2019). Compared to
the size of a human, SARS-CoV-2 is as small as a big chicken compared to the
planet Earth (El Pais). The raison d’étre of SARS-CoV-2 is to proliferate, like
that of other species, for example H. sapiens sapiens who has been successful in
populating almost every corner of the world, sometimes at the expense of
other species. SARS-CoV-2, for now, seems to be on a similarly successful
track.

SARS-CoV-2’s global success has multiple reasons. The new coronavirus hi-
jacks the human respiratory system to pass from one individual to another
when people sneeze, cough, shout and speak. It is at ease both in cold and in
warm climates; and, most importantly and unlike the two other deadly coro-
naviruses SARS-CoV and MERS-CoV, it manages to get transmitted to the next
individual before it develops symptoms in the first one (see below, Asympto-
matic Infection, page 86). There is no doubt that SARS-CoV-2 has a bright fu-
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ture - at least until the scientific community develops a safe vaccine (see the
chapter Vaccines, page 171) and efficient drugs.

SARS-CoV-2 and its kin
SARS-CoV-2 is a coronavirus like
e SARS-CoV (cousin from the 2002/2003 epidemic),
e MERS-CoV (Middle East Respiratory Syndrome coronavirus),

e and a group of so-called CAR coronoviruses (for Community-Acquired
Respiratory CoVs: 229E, 0C43, NL63, HKU1).

The CAR group of viruses are highly transmissible and produce about 15 to
30% of common colds, typically in the winter months. On the contrary, SARS-
CoV and MERS-CoV have case fatality rates of 10% and 34%, respectively, but
they never achieved pandemic spread. SARS-CoV-2, from a strictly viral point
of view, is the shooting star in the coronavirus family: it combines high
transmissibility with high morbidity and mortality.

SARS-CoV-2 is a virus like other commonly known viruses that cause human
disease such as hepatitis C, hepatitic B, Ebola, influenza and human immuno-
deficiency viruses. (Note that the differences between them are bigger than
those between humans and amebas.) With the exception of influenza, these
viruses have a harder time infecting humans than SARS-CoV-2. Hepatitis C
virus (HCV), a major cause of chronic and often fatal liver disease, is mainly
transmitted by percutaneous exposure to blood, by unsafe medical practices
and, less frequently, sexually. The human immunodeficiency virus (HIV), in
addition to exposure to blood and perinatal transmission, also exploits sexual
contact as a potent transmission route. Hepatitis B virus (HBV) is an even
more versatile spreader than HCV and HIV as it can be found in high titers in
blood, cervical secretions, semen, saliva, and tears; even tiny amounts of
blood or contaminated secretions can transmit the virus. Ideal infection envi-
ronments for HBV include, for example, schools, institutions and hospitals
where individuals are in close and prolonged contact.

Of note, apart from HIV and hepatitis B and C, most viral diseases have no
treatment. For example, there is no treatment for measles, polio, or smallpox.
For influenza, decades of research have produced two specific drugs which
have not been able to demonstrate reduced mortality - despite tests on thou-
sands of patients. After 35 years of research, there is still no vaccine to pre-
vent HIV infection.
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Ecology of SARS-CoV-2

SARS-CoV-2 is present at the highest concentrations in the respiratory tract
early in disease and then increases in the lower respiratory tract (Zhu N 2020,
Wang 2020, Huang 2020, Wélfel 2020). The virus has also been found, albeit at
low levels, in the kidney, liver, heart, brain, and blood (Puelles 2020). Outside
the human body, the virus is more stable at low temperature and low humidi-
ty conditions, whereas warmer temperatures and higher humidity shorten
the half-life (Matson 2020). It has also been shown to be detectable as an aero-
sol (in the air) for up to three hours, up to 24 hours on cardboard and up to
two to three days on plastic and stainless steel (van Doremalen 2020). As ex-
pected, viral RNA was more likely to be found in areas immediately occupied
by COVID-19 patients than in other hospital areas (Zhou J 2020). Another
study documented contamination of toilets (toilet bowl, sink, and door han-
dle) and air outlet fans (Ong SWX 2020). This is in line with the experience
from MERS where many environmental surfaces of patients’ rooms, including
points frequently touched by patients or healthcare workers, were contami-
nated by MERS-CoV (Bin 2016).

Person-to-person transmission

Person-to-person transmission of SARS-CoV-2 was established within weeks
of identification of the first cases (Chan JF 2020, Rothe 2020). Shortly after, it
was suggested that asymptomatic individuals would probably account for a
substantial proportion of all SARS-CoV-2 transmissions (Nishiura 2020, Li
2020). Viral load can be high 2-3 days before the onset of symptoms and al-
most half of all secondary infections are supposed to be caused by pre-
symptomatic patients (He 2020).

A key factor in the transmissibility of SARS-CoV-2 is the high level of viral
shedding in the upper respiratory tract (Wolfel 2020), even among pauci-
symptomatic patients. Pharyngeal virus shedding is very high during the first
week of symptoms, with a peak at > 7 x 10° RNA copies per throat swab on
day 4. Infectious virus was readily isolated from samples derived from the
throat or lung. That distinguishes it from SARS-CoV, where replication oc-
cured mainly in the lower respiratory tract (Gandhi 2020); SARS-CoV and
MERS-CoV infect intrapulmonary epithelial cells more than cells of the upper
airways (Cheng PK 2004, Hui 2018).

The shedding of viral RNA from sputum appears to outlast the end of symp-
toms and seroconversion is not always followed by a rapid decline in viral
load (Wolfel 2020). This contrasts with influenza where persons with asymp-
tomatic disease generally have lower quantitative viral loads in secretions
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from the upper respiratory tract than from the lower respiratory tract and a
shorter duration of viral shedding than persons with symptoms (Ip 2017).

A review summarized the evidence of human SARS-CoV-2 transmission
(Meyerowitz 2020):

1. Respiratory transmission is the dominant mode of transmission.

2. Vertical transmission occurs rarely; transplacental transmission has
been documented.

3. Direct contact and fomite transmission are presumed but are likely
only an unusual mode of transmission.

4. Although live virus has been isolated from saliva and stool and viral
RNA has been isolated from semen and blood donations, there are no
reported cases of SARS-CoV-2 transmission via fecal-oral, sexual, or
bloodborne routes. To date, there is 1 cluster of possible fecal-
respiratory transmission.

5. Cats and ferrets can be infected and transmit to each other, but there
are no reported cases to date of transmission to humans; minks
transmit to each other and to humans.

Routes of Transmission

SARS-CoV-2 is spread predominantly via virus-containing droplets through
sneezing, coughing, or when people interact with each other for some time in
close proximity (usually less than one metre) (ECDC 2020, Chan JF 2020, Li Q
2020, Liu Y 2020, Lu J 2020). Direct contact or fomite transmission is suspected
and may occur in some cases. Sexual, fecal-oral, and bloodborne transmission
are theorized but have not been documented (Meyerowitz 2020).

Respiratory transmission

The upper respiratory tract is the usual initial site of viral replication, with
subsequent descending infection (Wélfel 2020). The ideal transmission setting
for SARS-CoV-2 is a crowded, closed and noisy space where people must
shout to communicate. Shouting or speaking loudly emits a continuous flow
of large droplets or fine aerosols laden with virions. Although aerosol lingers
in the air for minutes, capable of infecting people at a distance, the ideal
transmission setting (the ‘SARS-CoV-2 jackpot’ from the virus’s point of view)
are people shouting at one another at a short distance, inhaling deep into
theirs lungs the exhalations of the person they are speaking to/shouting at
for 5, 10, 20 minutes or longer. Noisy machines, loud music or high spirits
during exuberant gatherings in crowded and closed environments are there-
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fore the perfect conditions for exceptionally efficient SARS-CoV-2 transmis-
sion.

Figure 1. Transmission of SARS-CoV-2. 1) After coughing, sneezing, shouting and even
after speaking — particularly loud speaking—, large droplets (green) drop to the ground
around the young man. 2) In addition, some droplets, small and lightweight enough (red),
are transported by air currents over longer distances (WHO 20200709). The second — aero-
sol — transmission is now recognized as a possibly relevant transmission route in SARS-
CoV-2. Adapted from Morawska 2020. Art work: Félix Prudhomme — IYENSS.

SARS-CoV-2 is transmitted via (macro-)droplets greater than 5-10 um in di-
ameter, commonly referred to as respiratory droplets, and via smaller par-
ticles, < 5um in diameter, which are referred to as droplet nuclei or aerosols.
The almost century-old dichotomy (Wells 1934) “droplets vs. aerosol trans-
mission” has been challenged by SARS-CoV-2. It is now accepted that there is
no real evidence that SARS-CoV-2 pathogens should be carried only in large
droplets (Fennelly 2020). At the beginning of the pandemic, aerosol transmis-
sion of SARS-CoV-2 was generally not accepted; however, within months, it
became evident that some COVID-19 clusters, for example in choirs (Hamner
2020, Miller 2020), shopping malls (Cai J 2020), restaurants (Li Y 2020 + Lu ]
2020), meat processing plants (Giinter 2020, The Guardian) or vertically
aligned flats connected by drainage pipes in the master bathrooms (Kang M
2020, Gormley 2020), were best explained by aerosol transmission (Ma J 2020).

On July 9 2020, WHO updated its information about SARS-CoV-2 transmission
(WHO 20200709), “There have been reported outbreaks of COVID-19 in some
closed settings, such as restaurants, nightclubs, places of worship or places of
work where people may be shouting, talking, or singing. In these outbreaks,
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aerosol transmission, particularly in these indoor locations where there are
crowded and inadequately ventilated spaces where infected persons spend
long periods of time with others, cannot be ruled out.” In the preceding days,
a group of more than 200 scientists led by Lidia Morawska and Donald K. Mil-
ton had published a three-page warning: It is Time to Address Airborne Trans-
mission of COVID-19 (see also LM’s first alert on 10 April and the overviews by
Prather, Wang and Schooley as well as Jayaweera 2020 et al.).

A single cough from a person with a high viral load in respiratory fluid (2,35 x
10° copies per ml) may generate as many as 1,23 x 10° copies of viruses that
can remain airborne after 10 seconds, compared to 386 copies of a normal
patient (7,00 x 10° copies per ml) (Wang Y 2020). (And masking can block
around 94% of the viruses that may otherwise remain airborne after 10 sec-
onds). A demonstration of aerosol production visualizes speech-generated
oral fluid droplets and underlines that even normal speaking may be an im-
portant mode of transmission (Bax 2020). The authors provide videos showing
speech droplets emitted by four people, when speaking the phrase “spit hap-
pens” with the face positioned about 10-15 cm behind a thin sheet of intense
green laser light (video: https://www.youtube.com/watch?v=00VjNth4uts).
Previously, experimental support for aerosol transmission of SARS-CoV-2
came from studies that visualized droplet formation at the exit of the mouth
during violent expiratory events such as sneezing and coughing (Scharfman
2016, Bourouiba 2020; see also the video). These studies showed that the life-
time of a droplet could be considerably longer than previously assumed.
When analyzed with highly sensitive laser light scattering, loud speech was
found to be able to emit thousands of oral fluid droplets per second which
could linger in the air for minutes (Anfinrud 2020, Stadnytskyi 2020; see also
the movies showing the experimental setup and the critical comment by Ab-
bas 2020). Loud and persistent shouting as would be usual in noisy, closed and
stagnant air environments (meat packing facilities, discos, pubs, etc.) is now
believed to produce the same number of droplets as produced by coughing
(Chao 2020). Speech and other vocal activities such as singing have also been
shown to generate air particles, with the rate of emission corresponding to
voice loudness (Asadi 2019).

Of note, during the 2003 SARS epidemic, an airborne route
of transmission also appeared to be a plausible explanation for the so-called
Amoy Garden outbreak. On that occasion, the virus was aerosolized within
the confines of very small bathrooms and may have been inhaled, ingested or
transmitted indirectly by contact with fomites as the aerosol settled (WHO
2003).
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Morawska, Milton et al. suggested the following measures to mitigate air-
borne transmission of SARS-CoV-2:

Provide sufficient and effective ventilation (supply clean outdoor air,
minimize recirculating air) particularly in public buildings, work-
place environments, schools, hospitals, and retirement care homes

Infrastructure may have to be adjusted, for example, Heating, Venti-
lation and Air Conditioning Systems (HVAC) in buildings and on
ships (Correia 2020, Gormley 2020). In one study, viral RNA was de-
tected in ventilation exhaust filters located at least 50 m from patient
room vent openings (Nissen 2020).

Supplement general ventilation with airborne infection controls
such as local exhaust, high efficiency air filtration, and germicidal ul-
traviolet lights.

Avoid overcrowding, particularly in public transport and public
buildings.

A precautionary approach to COVID-19 prevention is shown in Table 1.

Table 1. Reducing the transmission of SARS-CoV-2

Transmission route Prevention

1. (Macro-)Droplets (> 5 pm) Face masks + social distancing
2. Aerosol (micro-droplets, < e Face masks

Sum) o Improved ventilation

(open doors and windows; upgrade ventilation
systems)

e Improved air filtering
e Avoidance of crowded and closed spaces

3. Fomites Handwashing

For mechanical systems, organizations such as ASHRAE (the American Society of Heating,
Ventilating, and Air Conditioning Engineers) and REHVA (the Federation of European
Heating, Ventilation and Air Conditioning Associations) have provided guidelines based on
the existing evidence of airborne transmission (Morawska 2020b).

The evidence for aerosol transmission and resulting recommendations for
prevention have been sublimely summarized by Prather et al. in five sentenc-
“Respiratory infections occur through the transmission of virus-
containing droplets (=5 to 10 pm) and aerosols (<5 um) exhaled from infected
individuals during breathing, speaking, coughing, and sneezing. Traditional
respiratory disease control measures are designed to reduce transmission by
droplets produced in the sneezes and coughs of infected individuals. Howev-

es:
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er, a large proportion of the spread of coronavirus disease 2019 (COVID-19)
appears to be occurring through airborne transmission of aerosols produced
by asymptomatic individuals during breathing and speaking (Morawska 2020,
Anderson 2020, Asadi 2019). Aerosols can accumulate, remain infectious in
indoor air for hours, and be easily inhaled deep into the lungs. For society to
resume, measures designed to reduce aerosol transmission must be imple-
mented, including universal masking and regular, widespread testing to iden-
tify and isolate infected asymptomatic individuals (Prather 2020).”

Recognizing that SARS-CoV-2 is transmitted via aerosol has far-reaching con-
sequences - personal, professional, societal and economic - in situations of
community COVID-19 outbreaks. At the personal level (reminder: 20% of in-
fected individuals are thought to transmit 80% of SARS-CoV-2 cases, so mini-
mizing the probability of coming close to such super-spreader invidivuals is
imperative), people might wish to avoid prolonged meetings with people
from outside their inner-core “friends-and-family-bubble”; inside the bubble,
meetings should be restricted to a handful of people.

At the professional level, healthcare workers will require nothing short of
optimal protection. As N95 respirators achieve better filtration of airborne
particles than medical masks, they should be recommended for all inpatient
care of patients with COVID-19, not only during aerosol generating proce-
dures (Dau 2020). Guideline recommendations that do not support N95 use for
all inpatient COVID-19 management should consider reevaluating the existing
data.

At the societal level, the attendance of important biographic events such as
weddings, baptisms, circumcisions and funerals may need to be limited to a
handful of intimate friends and family (probably less than 10). Religious ser-
vices and recreational activities such as team sport and choir singing may not
be possible.

At the economic level, all activities which bring numerous people from out-
side the “friends-and-family-bubbles” together may be banned during new
community outbreaks. Future curfews or lockdowns would target places
where strangers or simply unacquainted people meet: discos, amusement
parks, bars, restaurants, brothels and many more. Other activities such as
meat processing plants might need major restructuring before resuming
work. Foreigners, strangers or simply unacquainted people may not meet for
some time. SARS-CoV-2 will thus continue to impact cultural and economic
life - theaters, cinemas, bars, restaurants, shops, etc - for some time to come.

In the meantime, the discussion about SARS-CoV-2 and aerosols continues.
Even the droplet/aerosol terminology has been questioned by advocates of a
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new distinction between aerosols and droplets using a size threshold of 100
pm, not the historical 5 um (Prather 2020). The authors argue that this size
more effectively separates their aerodynamic behavior, ability to be inhaled,
and efficacy of interventions. Viruses in droplets (larger than 100 um) typical-
ly fall to the ground in seconds within 2 m of the source and can be sprayed
like tiny cannonballs onto nearby individuals. Even a fourth transmission
route has been hypothesized: aerosolized fomites. In this case, virus would re-
main viable in the environment, on materials like paper tissues and on the
bodies of living animals, long enough to be aerosolized on non-respiratory
dust particles that can transmit infection through the air to new mammalian
hosts (Asadi 2020). In retrospective, we will one day understand that trans-
mission of viruses is not the only conceptual framework upset by the SARS-
CoV-2 virus.

Fomites

At the beginning of the SARS-CoV-2 pandemic, it was unclear to what extent
transmission via fomites (e.g., elevator buttons, hand rails, restroom taps)
were epidemiologically relevant. [A fomite is any inanimate object that, when
contaminated with or exposed to infectious agents such as a virus, can trans-
fer a disease to another person.] SARS-CoV-2 seemed omnipresent in the
spaces inhabited by infected individuals where a protein-rich medium like
airway secretions could protect the virus when it was expelled and could en-
hance its persistence and transmission by contaminated fomites (Pastorino
2020). The transmission sequence included virus-laden droplets from SARS-
CoV-2 infected people land on surfaces; there the virus would be detectable
for up to four hours on copper, up to 24 hours on cardboard and up to two to
three days on plastic and stainless steel (van Doremalen 2020, Aboubakr 2020,
Joonaki 2020); and finally, other people coming into contact with these drop-
lets, touching their nose, mouth or eyes (Wang Y 2020, Deng W 2020) and get-
ting infected. Some studies reported that SARS-CoV-2 environmental contam-
ination around COVID-19 patients was extensive, and hospital infection pre-
vention and control procedures should account for the risk of fomite, and
potentially airborne, transmission of the virus (Santarpia 2020). On a cruise
ship, SARS-CoV-2 RNA was detected in 10% from cabins 1-17 days after SARS-
CoV-2 infected individuals left their cabins (Yamagishi 2020). Find an over-
view of studies assessing viral RNA on surfaces and in air samples in Meyero-
witz 2020, Table 1.

However, in real-world settings, SARS-CoV-2 RNA levels are markedly lower
on environmental surfaces than in the human nasopharynx (Lui G 2020, Jiang
FC 2020) and in the rare cases where fomite transmission has been discussed,
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respiratory transmission could not be excluded (Cai J 2020, Bae SH 2020).
Some authors now question the role of fomites in SARS-CoV-2 transmission
and suggest that the chance transmission through inanimate surfaces might
be less frequent than hitherto assumed (Mondelli 2020) and less likely to oc-
cur in real-life conditions, provided that standard cleaning procedures and
precautions are enforced. Transmission through fomites would occur only in
instances where an infected person coughs or sneezes on the surface, and
someone else touches that surface soon after the cough or sneeze (within 1-2
h) (Goldman 2020). Another group estimated risk of infection from touching a
contaminated surface at less than 5 in 10.000 after repeatedly sampling 33
surfaces in public places like liquor and grocery stores, banks, gas stations,
laundromats, restaurants and on metro doors and crosswalk buttons (Harvey
2020). Twenty-nine of 348 (8.3 %) surface samples were positive for SARS-
CoV-2. These authors suggest that fomites might play only a minimal role in
SARS-CoV-2 community transmission.

In conclusion, direct contact and fomite transmission are likely to be only an
unusual mode of transmission and on the basis of currently available data, we
should assume that the levels of viral RNA or live virus transiently remaining
on surfaces are unlikely to cause infection, especially outside of settings with
known active cases (Meyerowitz 2020). It is important to stress that this find-
ing should not persuade anyone to refrain from the ritual of regular and
thorough handwashing; however, it could calm fears of people who are anx-
ious about touching things in everyday life (doorknobs, keys, money,
smartphones, etc.).

Mother-to-child

Vertical transmission occurs rarely. SARS-CoV-2 IgM has been reported in
neonates (Zeng H 2020, Dong L 2020) but there is no consensus on the inter-
pretation of this finding (Kimberlin 2020). Although SARS-CoV-2 was detected
in breast milk (GroR 2020), no confirmed transmissions to infants from breast
milk have been reported (Marin Gabriel 2020, Chambers 2020). Find more in-
formation in the chapter Pediatrics, page 430.

Cats and dogs et al.

SARS-CoV-2 can infect domestic animals, including cats, dogs, and ferrets (Shi
J 2020, Richard 2020, Garigliany 2020). SARS-CoV-2 has been transmitted from
their owners to cats and dogs (Newman 2020, Garigliany 2020) but there is
currently no evidence of transmission from domestic pets to humans. When
inoculated with SARS-CoV-2, cats could transmit the virus to other cats
(Halfmann 2020) and although none of the cats showed symptoms, all shed
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virus for 4 to 5 days and developed antibody titers by day 24. In another re-
port, two out of fifteen dogs from households with confirmed human cases of
COVID-19 in Hong Kong were found to be infected. The genetic sequences of
viruses from the two dogs were identical to the virus detected in the respec-
tive human cases (Sit 2020). In still another paper, 919 companion animals in
northern Italy at the height of the spring 2020 epidemic were tested for SARS-
CoV-2. Although no animals tested PCR positive, 3.3% of dogs and 5.8% of cats
had measurable SARS-CoV-2 neutralizing antibody titers, with dogs from
COVID-19 positive households being significantly more likely to test positive
than those from COVID-19 negative households (Patterson 2020).

Evidence of infection of animals with SARS-CoV-2 has been shown experi-
mentally both in vivo and in vitro for monkeys, ferrets, rabbits, foxes, and
hamsters (Edwards 2020). While computational models also predicted infec-
tivity of pigs and wild boar (Santini 2020), one study suggested that pigs and
chickens could not be infected intranasally or oculo-oronasally by SARS-CoV-
2 (Schlottau 2020). The expression pattern of ACE2 among various mammali-
an species that are close to human beings has recently been described (Sun K
2020).

At present, it seems unlikely that animals are potential intermediate hosts in
the chain of human-pet-human transmission. Only special circumstances,
such as the high animal population densities encountered on mink farms,
might put humans at risk of animal-to-human transmission (Oreshkova 2020,
Munnink 2021, Zhou P 2021). Persons with COVID-19 should be advised to
avoid contact with animals. Companion animals that test positive for SARS-
CoV-2 should be monitored and separated from persons and other animals
until they recover (Newman 2020).

Hypothetical modes of transmission

Live virus can rarely be isolated from stool and saliva and SARS-CoV-2 RNA
has been isolated from semen and blood donations; however, in early Decem-
ber 2020, there were no reported cases of SARS-CoV-2 transmission via fecal-
oral, sexual, or bloodborne routes.

Stool, urine

There is currently no evidence for relevant fecal-oral SARS-CoV-2 transmis-
sion. Although a high concentration of ACE2 receptors in the small bowel (Gu
J 2020) and prolonged presence of SARS-CoV-2 viral RNA in fecal samples
have been reported (Wu Y 2020, Chen 2020, Du W 2020), live virus has only
rarely been detected in stool (Wang W 2020, van Doorn 2020, Sun J 2020, Para-
sa 2020). This finding should not interfere with the usual precautions when
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handling the stools of patients infected with coronavirus. Sewage from hospi-
tals should also be properly disinfected (Yeo 2020). Fortunately, antiseptics
and disinfectants such as ethanol or bleach have good activity on human
coronaviruses (Geller 2012). During the SARS-CoV outbreak in 2003, where
SARS-CoV was shown to survive in sewage for 14 days at 4°C and for 2 days at
20°C (Wang XW 2005), environmental conditions could have facilitated this
route of transmission.

Sweat

Immunofluorescence and immunohistochemical analyses detected SARS-CoV-
2 spike proteins in three of five patients. In these cases, the virus resided
primarily in the sweat glands and sweat ducts with apparently higher
amounts in the former than in the latter; in contrast, the virus was rarely
detected in the epidermis or sebaceous glands (Liu J 2020). The authors con-
cluded that it was “important to further assess the potential risk of viral
transmission via perspiration and skin contact.” (Editor’s note: This paper will
not change my standard protection measures.)

Blood products

SARS-CoV-2 is rarely detected in blood (Wang W 2020, Wolfel 2020). After
screening of 2430 donations in real-time (1656 platelet and 774 whole blood),
authors from Wuhan found plasma samples positive for viral RNA from 4
asymptomatic donors (Chang 2020). In a Korean study, seven asymptomatic
blood donors were later identified as COVID-19 cases. None of 9 recipients of
platelets or red blood cell transfusions tested positive for SARS-CoV-2 RNA
(Kwon 2020). In early December 2020, there was no evidence of replication-
competent virus isolated from blood samples and no documented case of
bloodborne transmission.

Organ donation

In March 2020, US transplant centers began to report potential donor-derived
SARS-CoV-2 transmission to the Organ Procurement and Transplantation
Network (OPTN). For 8 potential donor-derived SARS-CoV-2 transmissions
reported to the OPTN during March-May 2020, the available evidence suggest
that the most likely source of transmission was community or healthcare ex-
posure, not the organ donor (Jones 2020).

Sexual transmission

It is unknown whether purely sexual transmission is possible. Scrupulously
eluding infection via fomites and respiratory droplets during sexual inter-
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course would suppose remarkable acrobatics many people might not be will-
ing to perform. Reassuringly, SARS-CoV-2 doesn’t seem to be present in se-
men (Guo L 2020). Studies published until today showed viral RNA, but no
infectious virus in semen (Li 2020) and viral RNA in vaginal fluid on only one
occasion (Scorzolini 2020, Qiu L 2020). In a small study from Orléans, France,
there was no transmission among discordant partners among five couples
who continued sex while one partner was in the period of infectiousness
(Prazuck 2020).

Human corpses

A recent stuy found that nasopharyngeal viral RNA stability in 79 corpses
showed no time-dependent decrease. Maintained infectivity was supported
by virus isolation up to 35 hours post-mortem (Heinrich 2020). There was no
correlation between the post-mortem interval (time of death until cooling at
4°C; median 17,8 hours) and the viral RNA loads of corpses. According to the
authors, their data indicate potentially high infectivity of human corpses,
requiring careful and conscious handling.

Transmission Event

Transmission of a virus from one person to another depends on four varia-

bles:

1. The nature of the virus;

2. The nature of the transmitter;

3. The nature of the transmittee (the person who will become infected);
4

. The transmission setting.

Virus

In order to stay in the evolutionary game, all viruses have to overcome a se-
ries of challenges. They must attach to cells; fuse with their membranes; re-
lease their nucleic acid into the cell; manage to make copies of themselves;
and have the copies exit the cell to infect other cells. In addition, respiratory
viruses must make their host cough and sneeze to get back into the environ-
ment again. Ideally, this happens before the hosts realize that they are sick.
This is all the more amazing as SARS-CoV-2 is more like a piece of computer
code than a living creature in sensu strictu (its 30,000 DNA base pairs are a
mere 100,000" of the human genetic code). That doesn’t prevent the virus
from being ferociously successful:
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e It attaches to the human angiotensin converting enzyme 2 (ACE2) recep-
tor (Zhou 2020) which is present not only in nasopharyngeal and oropha-
ryngeal mucosa, but also in lung cells, such as in type II pneumocytes.
SARS-CoV-2 thus combines the high transmission rates of the common
coronavirus NL63 (infection of the upper respiratory tract) with the sever-
ity of SARS in 2003 (lower respiratory tract);

e It has a relatively long incubation time of around 5 days (influenza: 1-2
days), thus giving it more time to spread;

e Itis transmitted by asymptomatic individuals.

All viruses mutate. Mutations within coronaviruses, and indeed all RNA vi-
ruses, can arrive as a result of three processes. First, mutations arise intrinsi-
cally as copying errors during viral replication, a process which may be re-
duced in SARS-CoV-2 relative to other RNA viruses, due to the fact that coro-
navirus polymerases include a proof-reading mechanism (van Dorp 2020).
Second, genomic variability might arise as the result of recombination be-
tween two viral lineages co-infecting the same host. Third, mutations can be
induced by host RNA-editing systems, which form part of natural host im-
munity. Based on epidemiological data, a SARS-CoV-2 variant carrying the
Spike protein amino acid change D614G has been associated with increased
infectivity (Korber 2020). In one study, the D614G also exhibited significantly
faster droplet transmission between hamsters than the WT virus, early after
infection (Hou YJ 2020). However, after analyzing 46.723 SARS-CoV-2 ge-
nomes isolated from patients worldwide, one group could not identify a sin-
gle recurrent mutation which was convincingly associated with increased
viral transmission.

In the autumn of 2020, several new SARS-CoV-2 variants emerged that have a
substantial transmission advantage. Find more information in Mutations and
vaccine efficacy, page 212.

Transmittor

The mean incubation of SARS-CoV-2 infection is around 5 days (Lauer 2020, Li
2020, Zhang J 2020, Pung 2020), comparable to that of the coronaviruses caus-
ing SARS or MERS (Virlogeux 2016). Almost all symptomatic individuals will
develop symptoms within 14 days of infection (Bai Y 2020). Both symptomatic
and asymptomatic individuals can transmit SARS-CoV-2 (Bai Y 2020, Qian G
2020, Chau NVV 2020, Luo L 2020). About half of secondary cases are acquired
from persons who are presymptomatic at the time of transmission (Shresta
2020, Yang L 2020, Xu XK 2020). Viral shedding may not be distinguishable
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between symptomatic and asymptomatic individuals (Lee S 2020, Long QX
2020).

Infectiousness, measured by the detection of cultivatable virus, seems to start
around two days before symptom onset, peaks around a day before symptom
onset, and declines rapidly within a week (He X 2020, Lauer 2020). It is still
unknown how many days infected people can transmit the virus, although
some authors suggest that the infectivity window might be as short as one
day (Goyal 2020) as SARS-CoV-2 viral load in the respiratory tract rapidly de-
creases after symptom onset (Wdlfel 2020, Guo L 2020, To KK 2020). The dura-
tion of SARS-CoV-2 RNA shedding may go on for weeks and sometimes for
months (Sun J 2020); however, multiple studies have found virtually no viable
virus in patients with mild or moderate disease after 10 days of symptoms
despite frequent ongoing RNA shedding (Wélfel 2020, Singanayagam 2020,
Perera 2020). Ten days after symptom onset, the probability of culturing virus
declined to 6.0% (Singanayagam 2020). In other studies, no viable virus was
detected beyond 8 or 9 days after symptom onset and with SARS-CoV-2 RT-
PCR cycle threshold (Ct) values > 24 (Bullard 2020, Arons 2020). In a study
from Taiwan, there was zero transmission to 852 contacts who were exposed
to the index case after day 6 of symptom onset (Cheng HY 2020). Requiring a
negative RNA test as late as 21 days after the onset of symptoms to declare
the end of quarantine as practised has no scientific basis.

The minimum human infectious dose is unknown. A phylogenetic-
epidemiological model estimated the number of virions needed to start an
infection at around 10'-10° (Popa 2020).

Symptom severity of the index may have an impact on transmission probabil-
ity. In one study of 3410 close contacts of 391 SARS-CoV-2 infected index cas-
es, the secondary attack rate increased with the severity of index cases, from
0.3% for asymptomatic to 3,3% for mild, 5,6% for moderate, and 6,2% for se-
vere or critical cases (Luo L 2020). Fever and expectoration were associated
with an increased risk for infection in their close contacts (6,7% and 13,6%,
respectively). SARS-CoV-2 transmission probably correlates with higher viral
loads which in turn is associated with more frequent isolation of infectious
virus (Singanayagam 2020). A recent study found that the incidence of COVID-
19 among close contacts of a symptomatic index case was 3,85 times higher
than for close contacts of an asymptomatic index case (Sayampanathan 2020).

SARS-CoV-2 transmission certainly correlates with a still ill-defined “super-
spreader status” of the infected individual. An analysis of 772 complete
SARS-CoV-2 genomes from the early Boston area epidemic found numerous
introductions of the virus, a small number of which led to most cases
(Lemieux 2020). For unknown reasons, some individuals are remarkably con-
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tagious, capable of infecting dozens or hundreds of people, possibly because
they breathe out many more particles than others when they talk (Asadi
2019), shout, cough or sneeze. Transmission of SARS-CoV and MERS-CoV as
well occurred to a large extent by means of super-spreading events (Peiris
2004, Hui 2018). Super-spreading has been recognized for years to be a nor-
mal feature of disease spread (Lloyd-Smith 2005). Several groups suggest that
80% of secondary transmissions could be caused by around 10% to 20% of in-
fectious individuals (Bi Q 2020, Adam 2020, Miller 2020, Sun 2020). A value
called the dispersion factor (k) describes this phenomenon. The lower the k
is, the more transmission comes from a small number of people
(Kupferschmidt 2020, Tufekci 2020; if you like the FT, read also To beat Covid-
19, find today’s superspreading ‘Typhoid Marys’). While SARS was estimated to
have a k of 0.16 (Lloyd-Smith 2005) and MERS of 0.25, in the flu pandemic of
1918, in contrast, the value was about one, indicating that clusters played less
of a role (Endo 2020). For the SARS-CoV-2 pandemic, the dispersion factor (k)
is currently thought to be higher than for SARS and lower than for the 1918
influenza (Endo 2020, Miller 2020, On Kwok 2020, Wang L 2020). A study of
1407 transmission pairs that formed 643 transmission clusters in mainland
China identified 34 super-spreaders, with 29 super-spreading events occur-
ring outside households (Xu XK 2020).

A mobility network model mapped the hourly movements of 98 million peo-
ple from neighborhoods to points of interest (POIs) such as restaurants and
religious establishments. After connecting 57.000 neighborhoods to 553.000
POIs, the model predicted that a small minority of “superspreader” POIs ac-
count for a large majority of infections (Chang S 2020) and that restricting
maximum occupancy at each POI (for example, restaurants, gyms, cafes, etc.)
(Ma KC 2020, Cyranoski 2020) is more effective than uniformly reducing mo-
bility. [The model also correctly predicted higher infection rates among dis-
advantaged racial and socioeconomic groups: disadvantaged groups cannot
reduce mobility as sharply as other groups and the POIs they visit are more
crowded.]

Transmission is more likely when the infected individual has few or no symp-
toms because while people experiencing symptoms may self-isolate or seek
medical care, those with no or mild symptoms may continue to circulate in
the community. Asymptomatic individuals have therefore an outsized influ-
ence on maintaining the epidemic (Lee EC 2020). Asymptomatic transmis-
sion of SARS-CoV-2 - proven a few weeks after the beginning of the pandemic
(Bai Y 2020) - has justly been called the Achilles’ heel of the COVID-19 pan-
demic (Gandhi 2020). As shown during an outbreak in a skilled nursing facili-
ty, the percentage of asymptomatic individuals can be as high as 50% early
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(Arons 2020; most of these individuals would later develop some symptoms).
Importantly, SARS-CoV-2 viral load was comparable in individuals with typi-
cal and atypical symptoms, and in those who were pre-symptomatic or
asymptomatic. Seventeen of 24 specimens (71%) from pre-symptomatic per-
sons had viable virus by culture 1 to 6 days before the development of symp-
toms (Arons 2020), suggesting that SARS-CoV-2 may be shed at high concen-
trations before symptom development.

Note that although SARS-CoV-2 is highly transmissible, given the right cir-
cumstances and the right prevention precautions, zero transmission is pos-
sible. In one case report, there was no evidence of transmission to 16 close
contacts, among them 10 high-risk contacts, from a patient with mild illness
and positive tests for up to 18 days after diagnosis (Scott 2020).

To what extent children contribute to the spread of SARS-CoV-2 infection in
a community is unknown. Infants and young children are normally at high
risk for respiratory tract infections. The immaturity of the infant immune
system may alter the outcome of viral infection and is thought to contribute
to the severe episodes of influenza or respiratory syncytial virus infection in
this age group (Tregoning 2010). Until now, however, there is a surprising
absence of pediatric patients with COVID-19, something that has perplexed
clinicians, epidemiologists, and scientists (Kelvin 2020). In particular, chil-
dren younger than 10 years seem to be less susceptible than adults (around
50%) (zhang J 2020, Jing QL 2020, Li W 2020, Gudbjartsson 2020, Davies 2020,
Rosenberg 2020).

Although a retrospective study among individuals hospitalized in Milan
showed that only about 1% of children and 9% of adults without any symp-
toms or signs of SARS-CoV-2 infection tested positive for SARS-CoV-2 (Milani
2020) - suggesting a minor role of children in transmission -, children can be
the source for important outbreaks. Twelve children who acquired SARS-CoV-
2 infection in child-care facilities - all with mild or no symptoms - transmit-
ted the virus to at least 12 (26%) of 46 non-facility contacts (Lopez 2020). Fam-
ily gatherings are well-known settings for widespread SARS-CoV-2 transmis-
sion. In an outbreak that occurred during a 3-week family gathering of five
households, an adolescent aged 13 years was the suspected primary patient.
Among the 14 persons who stayed in the same house, 12 experienced symp-
toms (Schwartz 2020). Of note, none of the additional six family members who
maintained outdoor physical distance without face masks during two longer
visits (10 and 3 hours) to the family gathering developed symptoms.

Patients with profound immunosuppression (for example recipients of hem-
atopoietic stem cell transplants or chimeric antigen receptor (CAR) T cell
therapy) may shed viable SARS-CoV-2 for at least 2 months (Aydillo 2020).
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In any potential transmission setting, face coverings reduce the transmission
of SARS-CoV-2. Among 139 clients exposed to two symptomatic hair stylists
with confirmed COVID-19 while both the stylists and the clients wore face
masks, not a single symptomatic secondary case was observed; among 67 cli-
ents tested for SARS-CoV-2, all tests were negative (Hendrix 2020). At least
one hair stylist was infectious: all four close household contacts (presumably
without masks) became ill. In Germany, face masks may have reduced the
daily growth rate of reported infections by around 47% (Mitze 2020). Unfor-
tunately, face masks don’t work everywhere - and not for everyone. In some
countries, infected individuals claimed the right to not wear face coverings in
the name of liberty (they forgot that an individual’s liberty ends where it in-
fringes on the liberties of others). Interestingly, social distancing compliance
might be predicted by individual differences in working memory (WM) ca-
pacity. WM retains a limited amount of information over a short period of
time at the service of other ongoing mental activities. Limited WM capacity
constrains mental functions while extended capacities are often associated
with better cognitive and affective outcomes. The hidden message in the pa-
per by Weizhen Xie et al: if the guy sitting next to you in the bus does not
wear a mask, don’t insist. His working memory capacity is poor (Xie W 2020).
Change seats.

Transmittee

Upon exposure to SARS-CoV-2, the virus may come in contact with cells of the
upper or lower respiratory tract of an individual. After inhalation, larger res-
piratory droplets are filtered by the nose or deposited in the oropharynx,
whereas smaller droplet nuclei are carried by the airstream into the lungs
where their site of deposition depends on their mass, size and shape and is
governed by various mechanisms (Dhand 2020).

A high percentage of SARS-CoV-2 seronegative individuals have SARS-CoV-2
reactive T cells. This is explained by previous exposure to other coronavirus-
es (“common cold” coronaviruses) which have proteins that are highly simi-
lar to those of SARS-CoV-2. It is still unclear whether these cross-reactive T
cells confer some degree of protection, are inconsequential or even potential-
ly harmful if someone who possesses these cells becomes infected with SARS-
CoV-2 (Braun 2020, Grifoni 2020, Sagar 2020, Meyerholz 2020b).

Numerous cell entry mechanisms of SARS-CoV-2 have been identified that
potentially contribute to the immune evasion, cell infectivity, and wide
spread of SARS-CoV-2 (Shang J 2020). Susceptibility to SARS-CoV-2 infection
is probably influenced by the host genotype. This would explain the higher
percentage of severe COVID-19 in men (Bastard 2020, Zhang Q 2020, Piccin-
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inni 2020) and possibly the similar disease course in some twins in the UK
(The Guardian, 5 May 2020).

The “right” genotype may not be sufficient in the presence of massive expo-
sure, for example by numerous infected people and on multiple occassions as
might happen, for example, in health care institutions being overwhelmed
during the beginning of an epidemic. It is known from other infectious dis-
eases that viral load can influence the incidence and severity of disease. Alt-
hough the evidence is limited, high infection rates among health workers
have been attributed to more frequent contact with infected patients, and
frequent exposure to excretia with high viral load (Little 2020).

Rigorous social distancing might not only slow the spread of SARS-CoV-2 in a
cohort of young, healthy adults but also prevent symptomatic COVID-19 while
still inducing an immune response (Bielecki 2020). After an outbreak in two
Swiss army companies (company 2 and 3, see Table 2), 62% of tested soldiers
were found to have been exposed to SARS-CoV-2 and almost 30% had COVID-
19 symptoms. In company 1 where strict distancing and hygiene measures
(SDHMs) had been implemented after the outbreak in companies 2 and 3, only
15% had exposure to SARS-CoV-2, but none of them had COVID-19 symptoms.
(The Swiss army SDHMs: keep a distance of at least 2 m from each other at all
times; wear a surgical face mask in situations where this can not be avoided
[e.g., military training]; enforce a distance of 2 m between beds and during
meals; clear and disinfect all sanitary facilities twice daily; separate sympto-
matic soldiers immediately.)

Table 2: Baseline characteristics of the study population on March 31, 2020

Company 1 Company 2 Company 3 Company 2+3
Soldiers 154 200 154 354
Tested* 88 130 51 181
Exposed to 13/88 (15%)  83/130 (64%) 30/51 (59%) 113/181 (62%)
SARS-CoV-2**
COVID-19%** 0 (0%) 54/200 (27%)  48/154 (31%)  102/354 (29%)

* More than 50% of the soldiers of all companies were sampled on
April 14.

** On April 14, detection of SARS-CoV-2 in nasopharyngeal swabs
or by positive serology test for immunoglobulin A, G or M.

*** Symptomatic patients between March 11 and May 3, 2020.

The authors cautiously suggested that quantitatively reducing the viral in-
oculum received by SARS-CoV-2 virgin recipients not only reduced the prob-
ability of infection but also could have caused asymptomatic infections in
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others while still being able to induce an immunological response (Bielecki
2020), and idea that was later echoed by Monica Gandhi and George W. Ruth-
erford (Ghandi 2020).

If genes offer no protection, behavior may. In the coming winter 2020/2021
months, face covering is paramount. After a year of SARS-CoV-2 experience,
masks have been shown to decrease transmission both in health care settings
and in the wider community (Chu DK 2020, Chou R 2020, Lee JK 2020). In
March 2020, the Mass General Brigham, the largest health care system in
Massachusetts (12 hospitals, > 75,000 employees), implemented universal
masking of all HCWs and patients with surgical masks. During the pre-
intervention period, the SARS-CoV-2 positivity rate increased exponentially,
with a case doubling time of 3.6 days. During the intervention period, the pos-
itivity rate decreased linearly from 14.65% to 11.46% (Wang X 2020). In Paris,
in a 1500-bed adult and a 600-bed pediatric setting of a university hospital,
the total number of HCW cases peaked on March 23rd, then decreased slowly,
concomitantly with a continuous increase in preventive measures (including
universal medical masking and PPE) (Contejean 2020). In Chennai, India, be-
fore the introduction of face shields, 12/62 workers were infected while visit-
ing 5880 homes with 31,164 persons (222 positive for SARS-CoV-2). After the
introduction of shields among 50 workers (previously uninfected) who con-
tinued to provide counseling, visiting 18,228 homes with 118,428 persons
(2682 positive), no infection occurred (Bhaskar 2020). These preventive
measures are not new to medicine - surgeons have been using personal pro-
tective equipment (PPE) for more than a century (Stewart 2020). The wearing
of masks by adults also remains critical to reducing transmission in child-care
settings (Link-Gelles 2020). Under certain circumstances, it is even recom-
mended between household members (Wang Y 2020).

Masks work even with super-emittors. By measuring outward emissions of
micron-scale aerosol particles by healthy humans performing various expira-
tory activities, one group found that both surgical masks and unvented KN95
respirators reduced the outward particle emission rates by 90% and 74% on
average during speaking and coughing. These masks similarly decreased the
outward particle emission of a coughing super-emitter, who for unclear rea-
sons emitted up to two orders of magnitude more expiratory particles via
coughing than average (Asadi 2020).

After visualizing the flow fields of coughs under various mouth covering sce-
narios, one study (Simha 2020) found that

1. N95 masks are the most effective at reducing the horizontal spread
of a cough (spread: 0.1 and 0.25 meters).
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2. A simple disposable mask can reduce the spread to 0.5 meters, while
an uncovered cough can travel up to 3 meters.

3. Coughing into the elbow is not very effective. Unless covered by a
sleeve, a bare arm cannot form the proper seal against the nose nec-
essary to obstruct airflow and a cough is able to leak through any
openings and propagate in many directions.

Although the data regarding the effectivity of face masks is now clear, will
everyone understand, i.e., even individuals with a still functioning working
memory? If some individuals continue to put themselves at risk of SARS-CoV-
2 infection (as well as their friends and relatives in case of infection), what
factors might influence risk for COVID-19 exposure among young adults? In a
remote US county, the drivers of behaviors were low severity of disease out-
come; peer pressure; and exposure to misinformation, conflicting messages,
or opposing views regarding masks (Wilson 2020). A scientifically inspired
national prevention policy will be needed to counter misinformation and -
let’s speak frankly for just two seconds! - address human stupidity. First, pub-
lic health officials need to ensure that the public understands clearly when
and how to wear cloth face coverings properly. Second, innovation is needed
to extend physical comfort and ease of use. Third, the public needs con-
sistent, clear, and appealing messaging that normalizes community masking
(Brooks 2020). A small adaption in our daily lives relies on a highly effective
low-tech solution that can help turn the tide.

Transmission setting

The transmission setting, i.e., the actual place where the transmission of
SARS-CoV-2 occurs, is the final element in the succession of events that leads
to the infection of an individual. High population density that facilitates su-
per-spreading events is key to widespread transmission of SARS-CoV-2.
Transmission clusters, partly linked to super-spreader events, have been re-
ported since the very beginning of the SARS-CoV-2 pandemic. For detailed
information about SARS-CoV-2 hotspots, see the chapter Epidemiology, Trans-
mission Hotspots, page 23. Suffice it to present here a list of important out-
breaks which have beem reported in predominantly indoor settings:

e Hospitals (at the beginning of the pandemic; Houlihan 2020)

e Nursing facility, King County, Washington, 28 February (McMichael
2020)

e Business meeting, Southern Germany, 20-21 January (Rothe 2020)
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e Medical advisory board meeting, Munich, Germany, 20-21 (Hijnen
2020)

e Cruise Ship, Yokohoma, Japan, 4 February (Rocklov 2020)
e Church meeting, Daegu, Korea, 9 and 16 February (Kim 2020)

e Religious gathering, Mulhouse, France, 17-24 February (Kuteifan
2020, Gerbaud 2020)

e Aircraft carriers: Theodore Roosevelt (Payne 2020) + Charles-de-
Gaulle, March (Le Monde)

e Prisons (Kennedy 2020, Maxmen 2020, Wang EA 2020)

e Meat-processing and livestock plants (Giinther 2020, Waltenburg
2020, Taylor 2020)

e Homeless shelters (Baggett 2020, Mosites 2020)
e Call center (Park SY 2020)

e  Marriage (Mahale 2020)

e  Funeral (Kant 2020)

e Choir (Hamner 2020, Alsveld 2020)

e  Concert (Plautz 2020)

e Nightclubs (Kang 2020, Muller 2020)

e Bars (ChauNVV)

e Restaurants (LuJ 2020)

e Sports meetings (Atrubin 2020)

Indoor environments

As with other respiratory viruses, the majority of SARS-CoV-2 infections oc-
cur at home where people live in close contact many hours a day, meeting
multiple individuals (Read 2014). In a study from South Korea, household con-
tacts accounted for 57% of identified secondary infections, despite exhaustive
tracking of community contacts (Park YJ 2020). Globally, the secondary at-
tack-rates (SARs) in households is around 20% (Madewell 2020), spouses being
twice as likely to be infected as other adult household members. Household
SARs also seem to be higher from symptomatic index cases than asymptomat-
ic index cases, and to adult contacts than child contacts. With suspected or
confirmed infections referred to isolate at home, household transmission will
continue to be a significant source of transmission (Madewell 2020). Other
settings which favor daily close and prolonged contact include nursing homes,
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prisons (Njuguna 2020), homeless shelters and worker dormitories where in-
fection rates in excess of 60% have been reported. The risk of indoor trans-
mission may be up to 20 times higher that transmission of SARS-CoV-2 in an
outdoor setting (Bulfone 2020).

Indoor environments are SARS-CoV-2’s preferred playgrounds. In one model-
ing study, the authors estimated that viral load concentrations in a room with
an individual who was coughing frequently were very high, with a maximum
of 7,44 million copies/m’® from an individual who was a high emitter (Riediker
2020). However, regular breathing from an individual who was a high emitter
was modeled to result in lower room concentrations of up to 1248 copies/m”’.
They conclude that the estimated infectious risk posed by a person with typi-
cal viral load who breathes normally was low and that only a few people with
very high viral load posed an infection risk in the poorly ventilated closed
environment simulated in this study.

Viable virus from air samples was isolated from samples collected 2 to 4.8
meters away from two COVID-19 patients (Lednicky 2020). The genome se-
quence of the SARS-CoV-2 strain isolated was identical to that isolated from
the NP swab from the patient with an active infection. Estimates of viable
viral concentrations ranged from 6 to 74 TCID50 units/L of air. During the
first months of the pandemic, most clusters were found to involve fewer than
100 cases, with the exceptions being in healthcare (hospitals and elderly
care), large religious gatherings and large co-habitation settings (worker
dormitories and ships). Other settings with examples of clusters between 50-
100 cases in size were schools, sports, bars, shopping centers and a confer-
ence (Leclerc 2020).

Closed doors and windows and poor ventilation favored SARS-CoV-2 trans-
mission in churches and bars (James 2020, Furuse Y 2020). Opening windows
and allowing better air movement may lead to lower secondary household
transmission (Wang Y 2020).

Transportation in closed spaces - by bus, train or aircraft - has been shown to
transmit SARS-CoV-2 at various degrees, depending on face mask use and
time of travel. One paper describes a bus ride in a vehicle 11.3 meters long
and 2.5 meters wide with 49 seats, fully occupied with all windows closed and
the ventilation system on during the 2,5-hour trip. Among the 49 passengers
(including the driver) who shared the ride with the index person, eight tested
positive and eight developed symptoms. The index person sat in the second-
to-last row, and the infected passengers were distributed over the middle and
rear rows (Luo K 2020). An even more informative paper describes 68 individ-
uals (including the source patient) taking a bus on a 100-minute round trip to
attend a worship event. In total, 24 individuals (35%) received a diagnosis of
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COVID-19 after the event. The authors were able to identify seats for each
passenger and divided bus seats into high-risk and low-risk zones (Shen Y
2020). Passengers in the high-risk zones had moderately but non-significantly
higher risk of getting COVID-19 than those in the low-risk zones. On the 3-
seat side of the bus, except for the passenger sitting next to the index patient,
none of the passengers sitting in seats close to the bus window developed
infection. In addition, the driver and passengers sitting close to the bus door
also did not develop infection, and only 1 passenger sitting by an operable
window developed infection. The absence of a significantly increased risk in
the part of the bus closer to the index case suggested that airborne spread of
the virus may at least partially explain the markedly high attack rate ob-
served. Lesson learned for the future? If you take the bus, choose seats near a
window - and open it!

To answer the question how risky train traveling is in the COVID-19 era, one
group analyzed passengers in Chinese high-speed trains. They quantified the
transmission risk using data from 2334 index patients and 72,093 close con-
tacts who had co-travel times of 0-8 hours from 19 December 2019 through 6
March 2020. Unsurprisingly, travelers adjacent to an index patient had the
highest attack rate (3.5%) and the attack rate decreased with increasing dis-
tance but increased with increasing co-travel time. The overall attack rate of
passengers with close contact with index patients was 0.32% (Hu M 2020).

A review about in-flight transmission of SARS-CoV-2 found that the absence
of large numbers of confirmed and published in-flight transmissions of SARS-
CoV was encouraging but not definitive evidence that fliers are safe
(Freedman 2020). At present, based on circumstantial data, strict use of masks
appears to be protective. In previous studies, SARS-CoV-2 transmission has
been described onboard aircrafts (Chen J 2020, Hoehl 2020). Note that if you
don’t wear a mask, business class will not protect you from infection. A Viet-
namese group report on a cluster among passengers on VN54 (Vietnam Air-
lines), a 10-hour commercial flight from London to Hanoi on March 2, 2020 (at
that time, the use of face masks was not mandatory on airplanes or at air-
ports) (Khanh 2020). Affected persons were passengers, crew, and their close
contacts. The authors traced 217 passengers and crew to their final destina-
tions and interviewed, tested, and quarantined them. Among the 16 persons
in whom SARS-CoV-2 infection was detected, 12 (75%) were passengers seated
in business class along with the only symptomatic person (attack rate 62%).
Seating proximity was strongly associated with increased infection risk (risk
ratio 7.3, 95% CI 1.2-46.2). Even more intriguing: a 7.5 h flight to Ireland, with
a passenger occupancy of 17% (49/283 seats). The flight-associated attack rate
was 9.8-17.8%, leading to 13 cases (Murphy 2020). A mask was worn during
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the flight by nine cases, not worn by one (a child), and unknown for three.
Spread to 46 non-flight cases occurred country-wide.

The risk may be increased during long-distance flights, for example a 18-hour
flight from Dubai to Aukland. Among the 7 eventually-infected passengers, 2
were probably index case-patients infected before the flight, 4 were probably
infected during the flight, and the remaining passenger was probably infected
while in New Zealand under “managed isolation and quarantine”. All 7 pas-
sengers were seated in aisle seats within 2 rows of where the presumed index
case-patient(s) were seated (Swadi 2021).

Temperature and climate

SARS-CoV-1 (2003): The transmission of coronaviruses can be affected by
several factors, including the climate (Hemmes 1962). Looking back to the
2003 SARS epidemic, we find that the stability of the first SARS virus, SARS-
CoV, depended on temperature and relative humidity. A study from Hong
Kong, Guangzhou, Beijing, and Taiyuan suggested that the SARS outbreak in
2002/2003 was significantly associated with environmental temperature. The
study provided some evidence that there was a higher possibility for SARS to
reoccur in spring than in autumn and winter (Tan 2005). It was shown that
SARS-CoV remained viable for more than 5 days at temperatures of 22-25°C
and relative humidity of 40-50%, that is, typical air-conditioned environ-
ments (Chan KH 2011). However, viability decreased after 24 h at 38°C and 80-
90% relative humidity. The better stability of SARS coronavirus in an envi-
ronment of low temperature and low humidity could have facilitated its
transmission in subtropical areas (such as Hong Kong) during the spring and
in air-conditioned environments. It might also explain why some Asian coun-
tries in the tropics (such as Malaysia, Indonesia or Thailand) with high tem-
perature and high relative humidity environment did not have major com-
munity SARS outbreaks (Chan KH 2011).

SARS-CoV-2 (2020): At the beginning of the pandemic, is was unclear as to
whether and to what extent climatic factors influence virus survival outside
the human body and might influence local epidemics. SARS-CoV-2 is not read-
ily inactivated at room temperature and by drying like other viruses, for ex-
ample herpes simplex virus. One study mentioned above showed that SARS-
CoV-2 can be detectable as an aerosol (in the air) for up to three hours, up to
four hours on copper, up to 24 hours on cardboard and up to two to three
days on plastic and stainless steel (van Doremalen 2020). A few studies sug-
gested that low temperature might enhance the transmissibility of SARS-CoV-
2 (Wang 2020b, Tobias 2020) and that the arrival of summer in the northern
hemisphere could reduce the transmission of the COVID-19. In one study, af-
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ter comparing 50 cities with (Wuhan, China; Tokyo, Japan; Daegu, South Korea;
Qom, Iran; Milan, Italy; Paris, France; Seattle, US; and Madrid, Spain ; n=8) and
without an important SARS-CoV-2 epidemic (n=42) in the first 10 weeks of
2020, areas with substantial community transmission of the virus had distri-
bution roughly along the 30° N to 50° N latitude corridor with consistently
similar weather patterns, consisting of mean temperatures of 5 to 11 °C com-
bined with low specific and absolute humidity (Sajadi 2020). Cold working
environments have been proposed to be considered as an occupational risk
factor for COVID-19 (Cunningham 2020).

A possible association of the incidence of COVID-19 and both reduced solar
irradiance and increased population density has been discussed (Guasp 2020).
It was also reported that simulated sunlight rapidly inactivated SARS-CoV-2
suspended in either simulated saliva or culture media and dried on stainless
steel plates while no significant decay was observed in darkness over 60
minutes (Ratnesar-Shumate 2020). However, another study concluded that
transmission was likely to remain high even at warmer temperatures (Sehra
2020) and the epidemics in Brazil and India and the southern US - areas with
high temperatures - soon tempered hopes that COVID “simply disappears like
a miracle”. Warm and humid summer conditions alone are not sufficient to
limit substantially new important outbreaks (Luo 2020, Baker 2020, Collins
2020).

One group found a significant negative association between UVI and COVID-
19 deaths, indicating evidence of the protective role of Ultraviolet-B (UVB) in
mitigating COVID-19 deaths (Moozhipurtath 2020). If confirmed via clinical
studies, the possibility of mitigating COVID-19 deaths via sensible sunlight
exposure or vitamin D intervention would be attractive.

End of Quarantine

Infectiousness peaks around a day before symptom onset and declines within
a week of symptom onset, and no late linked transmissions (after a patient
has had symptoms for about a week) have been documented (Meyerowitz 2020).
After suspected or confirmed SARS-CoV-2 infection, people should quarantine
until

e 10 days since symptoms first appeared
and
e 24 hours with no fever without the use of fever-reducing medications

and

COVID Reference ENG 006


https://doi.org/10.1001/jamanetworkopen.2020.11834
https://doi.org/10.1093/occmed/kqaa195
https://doi.org/10.1093/cid/ciaa575
https://doi.org/10.1093/infdis/jiaa274
https://doi.org/10.1093/cid/ciaa681
https://doi.org/10.1093/cid/ciaa681
https://doi.org/10.1001/jamanetworkopen.2020.4583
https://doi.org/10.1126/science.abc2535
https://directorsblog.nih.gov/2020/06/02/will-warm-weather-slow-spread-of-novel-coronavirus
https://directorsblog.nih.gov/2020/06/02/will-warm-weather-slow-spread-of-novel-coronavirus
https://doi.org/10.1038/s41598-020-74825-z

96 | CovidReference.com

e Other symptoms of COVID-19 are improving (exception: loss of taste
and smell which may persist for weeks or months after recovery and
need not delay the end of isolation).

(Note that these recommendations do not apply to immunocompromised
persons or persons with severe COVID-19. Find more information at
https://bit.ly/3qB62IR [CDC]).

Health authorities should know that SARS-CoV-2 infected individuals do not
need to be quarantined for weeks. Persistently positive RT-PCRs generally do
not reflect replication-competent virus. SARS-CoV-2 infectivity rapidly de-
creases to near-zero after about 10 days in mild-to-moderately-ill patients
and 15 days in severely-to-critically-ill and immunocompromised patients
(Rhee 2020). Of note, RT-PCR cycle threshold (Ct) values (a measure for viral
load) correlated strongly with cultivable virus. In one study, the probability
of culturing virus declined to 8% in samples with Ct>35 and to 6% (95% CI:
0.9-31.2%) 10 days after onset; it was similar in asymptomatic and sympto-
matic persons (Singanayagam 2020). A meta-analysis of 79 studies (5340 indi-
viduals) concluded that no study detected live virus beyond day 9 of illness,
despite persistently high viral loads (Cevik 2020). In individuals who had
mildly or moderately symptomatic SARS-CoV-2 infection and who present no
symptoms for at least two days, a positive RT-PCR test 10 days or more after
the first symptoms does not indicate infectiousness (‘post-infectious PCR-
positivity’; Mina 2020).

In most countries (for example, Germany, USA), health authorities do not re-
quire a negative SARS-CoV-2 RT-PCR test to end the quarantine. Autorities in
Italy or other countries that even in late November continued quarantining
people at home for two, three, four weeks or longer because of continuously
positive RT-PCR results should take note.

Prevention

Find a detailed discussion of SARS-CoV-2 prevention in the corresponding
chapter on page 117.

For everyday life, the following five rules of thumb are helpful:

1. Avoid crowded places (more than 5-10 people). The more people are
grouped together, the higher the probability that a superspreader is
present who emits infectious particles tens or hundreds times more
than a ‘normally’ contagious individual. Avoid funerals, and post-
pone religious services including weddings, baptisms, circumcisions,
as well as team sports and choir singing until after the pandemic.
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Avoid in particular crowded and closed spaces (even worse: air-
conditioned closed places where ‘old air’ is being moved around). In a
room where a SARS-CoV-2 infected individual is coughing frequently,
viable virus can be isolated from samples collected 2 to 4,8 meters
away. Strangers or unacquainted persons should not meet in crowd-
ed or closed spaces.

Avoid in all circumstances crowded, closed and noisy spaces where
people must shout to communicate. Shouting or speaking loudly
emits a continuous flow of aerosols that linger in the air for minutes.
Intimate conversation in a noisy and crowded room, with people
shouting at one another at a distance of 30 centimeters, inhaling
deep into theirs lungs the exhalations of the person they are speak-
ing to/shouting at for 5, 10, 20 minutes or longer is, from the virus’s
point of view, the best conceivable transmission setting. Noise from
machines or music around people grouped in a closed environment
also creates the perfect setting for a superspreader event.

Outside crowded, closed or noisy spaces, keep a distance of 2 meters
to other people.

Always wear a fask mask in public spaces. A face mask is a highly
effective low-tech solution that can help contain local SARS-CoV-2
outbreaks. Face masks are not new to medicine - surgeons have been
using them for more than a century. Next time you are unhappy
when wearing a face mask, watch this video and enjoy the fact that
unlike the doctors who might one day treat you for COVID-19 or oth-
er ailments, you won’t never have to put on and remove protective
gear in a hospital.

Those who doubt the effectiveness of face masks might extract precious in-
formation from Figure 2. The cumulative number of confirmed COVID-19 cas-
es in different countries - presented per million population - is intriguing.
What did Japan, South Korea, Taiwan and Vietnam right that the other coun-
tries didn’t? The most probable explanation is

Better testing
Efficient contract tracing and isolation

Early use of face masks
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Figure 2. Cumulative confirmed COVID-19 cases per million people. What did Japan, South
Korea, Taiwan and Vietnam do right that the other countries didn't? Better testing, efficient
contract tracing and isolation, and early use of face masks. Source: Our World in Data.

Outlook

Almost a year after the first SARS-CoV-2 outbreak in China, the transmission
dynamics driving the pandemic are coming into focus. It now appears that a
high percentage (as high as 80%?) of secondary transmissions could be caused
by a small fraction of infectious individuals (10 to 20%?; Adam 2020); if this is
the case, then the more people are grouped together, the higher the probabil-
ity that a superspreader is part of the group.

It is now acknowledged that aerosol transmission plays an important role in
SARS-CoV-2 transmission (Morawska 2020b, WHO 20200709, Prather 2020); if
this is the case, then building a wall around this same group of people and
putting a ceiling above them further enhances the probability of SARS-CoV-2
infection.

It finally appears that shouting and speaking loudly emits thousands of oral
fluid droplets per second which could linger in the air for minutes (Anfinrud
2020, Stadnytskyi 2020, Chao 2020, Asadi 2019, Bax 2020); if this is the case,
then creating noise (machines, music) around people grouped in a closed en-
vironment would create the perfect setting for a superspreader event.

Over the coming months, the scientific community will try and
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e unravel the secrets of super-spreading;

e advance our understanding of host factors involved in the successful
“seeding” of SARS-CoV-2 infection;

o elucidate the role of young adults in the genesis of the second Euro-
pean SARS-CoV-2 wave;

e continue to describe the conditions under which people should be al-
lowed to gather in larger groups.

SARS-CoV-2 vaccines will have to be rolled out safely and affordably to bil-
lions of people. In the meantime there will be no return to a “normal” pre-
2020 way of life, and the best prevention scheme is a potpourri of physical
distancing (Kissler 2020), intensive testing, case isolation, contact tracing,
quarantine (Ferretti 2020) and as a last (but not impossible) resort, local lock-
downs and curfews. If thanks to the history-making ultra-fast development of
potent vaccines the pandemic should be over earlier than most people feared,
SARS-CoV-2 will have taught the world a lesson of value for future pandem-
ics: face masks are a simple and powerful tool to mitigate the impact of infec-
tious respiratory diseases.
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3. Prevention

Stefano Lazzari

Introduction

In the absence of an effective vaccine or antiviral treatment, prevention
through public health measures remains the mainstay of SARS-COV-2 infec-
tion control and pandemic impact mitigation. Effective preventive measures
for respiratory infections exist and have been standard practices for many
years. However, uncertainties about the role and importance of different
transmission routes in the spread of SARS-COV-2 (see chapter Transmission)
complicate the selection of the most efficient and effective mix of personal
and public health measures to be implemented, and of the prevention mes-
sages to be communicated to the public.

The basic COVID-19 preventive strategies include: the identification and isola-
tion of infectious cases and quarantine for suspected cases and close contacts;
changes in individual behaviors including physical and social distancing, use
of face masks and hand hygiene; public health measures like travel re-
strictions, bans on mass gatherings and localized or nationwide lockdowns
when the other measures prove ineffective in halting the spread of the virus.
Specific prevention measures can be simple recommendations left to the de-
cision of the individual or mandatory measures to be implemented under
control by the public health authorities. Preventive measures can therefore
be applied at the personal, community or societal level.

In this chapter we will review the available scientific evidence on the effec-
tiveness of these measures in reducing the spread of SARS-COV-2.

Prevention at the personal level

Good respiratory hygiene/cough etiquette.

Good respiratory hygiene refers to measures aimed at containing respiratory
secretions and reducing their spread in the environment or to other people
(Chavis, 2019). Traditionally, they include:

e Covering your mouth and nose with a tissue or with your elbow when
coughing or sneezing; and safe disposal of the tissue once used.

e Use of a surgical or tissue face mask.

e Perform hand hygiene often, and always after contact with potentially
contaminated objects/materials.
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Good respiratory hygiene and cough etiquette are usually recommended for
individuals with signs and symptoms of a respiratory infection. However, giv-
en the established risk of SARS-COV-2 infection from asymptomatic individu-
als, public health authorities all over the world have recommended these
measures for everybody when in public places. This is not without controver-
sy, in particular on the use of masks in the absence of symptoms.

Face masks

The use of face masks to reduce the risk of infection is an established medical
and nursing procedure. It is therefore surprising that it has created such a
debate in the context of COVID-19. The initial recommendation by WHO and
other health authorities that masks should only be used by health workers
and symptomatic patients resulted in controversy among the experts and
widespread confusion among the public. This advice was contradictory with
the images of people regularly wearing masks in all settings from countries in
Asia that successfully managed to contain the pandemic. In addition, the ex-
istence of different types of masks greatly complicated communication ef-
forts.

Face masks can prevent transmission of respiratory viruses in two ways:

1. When worn by healthy individuals they are protecting them from in-
fection by reducing the exposure of the mouth and nose to viral par-
ticles present in the air or on contaminated hands;

2. When worn by an infected person they perform source control, by
reducing the amount of virus dispersed in the environment while
coughing, sneezing or talking.

Different types of masks perform these tasks differently, which also dictates
the situations in which they should be used. Masks most currently used in-
clude:

e N95 (or FFP2) masks, designed to block 95% of very small particles.
They reduce the wearer’s exposure to particles including aerosols
and large droplets. They also reduce the patient or other bystanders’
exposure to particles emitted by the wearer (unless they are
equipped with a one-way valve to facilitate breathing).

e Surgical masks only filter effectively large particles. Being loose fit-
ted, they will reduce only marginally the exposure of the wearer to
droplets and aerosols. They do, however, limit considerably the
emission of saliva or droplets by the wearer, reducing the risk of in-
fecting other people.
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e Cloth masks will stop droplets that are released when the wearer
talks, sneezes, or coughs. As recommended by WHO, they should in-
clude multi-layers of fabric. When surgical or N95 masks are not
available, cloth masks can still reduce the risk of SARS-COV-2 trans-
mission in public places.

If masks are protective, why they were not widely recommended at the be-
ginning of the pandemic? Whether due to poor communication, fear of short-
age of essential medical supplies, or under-appreciation of the role of asymp-
tomatic carriers in spreading the virus, the initial reluctance in promoting
mask use and the resulting controversy was clearly not helpful in combating
the pandemic and contributed to a general undermining of the credibility of
national and international public health authorities.

It was only on 5 June, months into the pandemic, that WHO released updated
guidance on the use of masks (further updated in December 2020), recogniz-
ing the role that face masks can play in reducing transmission from asymp-
tomatic carriers in particular settings. This was a few days after the publica-
tion of a comprehensive review and meta-analysis of observational studies
showing a significant reduction in risk of infection with all types of masks
(Chu 2020). Surgical masks were also shown to work in a hamster model
(Chan JF 2020). Other authors, based on reviews or modelling, recommend
wearing suitable masks whenever infected persons may be nearby (Meselson
2020, Prather 2020, Zhang 2020). (See also the discussion on droplets and aer-
osol, page 73.)

While there is now a general acceptance, some controversy on the use of
masks continues, including on the potential negative effects of wearing masks
on health, for example on cardiopulmonary capacity (Fikenzer, 2020). Regard-
less of the controversy and the mounting “No-Mask” movements, face masks
are clearly “here to stay”. The view of people wearing face masks in public,
which in the past surprised and at times amused Western travelers to Asian
countries will be a common sight worldwide for months and maybe for years
to come.

Hand Hygiene

The role of fomites in transmission of SARS-CoV-2 remains unclear but can-
not be excluded. (Although objects can be easily contaminated by infected
droplets and contaminate hands, it is extremely challenging to prove such
transmission.) In any case, frequent handwashing is known to disrupt the
transmission of respiratory diseases since people routinely make finger-to-
nose or finger-to-eye contact (Kwok, 2015). Handwashing for 30 seconds with
ordinary soap is always recommended when there is a contact with a poten-
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tially infected item and regularly whenever possible (ex. when returning
home). If water and soap are not available (ex. in public places), use of hy-
droalcoholic solutions or gel is recommended. These solutions have been
shown to efficiently inactivate the SARS-CoV-2 virus in 30 seconds (Kratzel,
2020) and can be home-made using a WHO recommended formulation. Hand-
hygiene has the added advantage of preventing infections from many other
respiratory pathogens. Unfortunately, both water for handwashing and hy-
droalcoholic solutions are often not available in resource-poor settings
(Schmidt, 2020)

Physical/Social distancing and avoiding crowded conditions

Physical distancing means keeping a safe distance from others. The term is
often confused with the more common “social distancing”, usually imposed
during lockdowns, that means reducing social contacts as much as possible by
staying home and keeping away from others to prevent the spread of COVID-
19.

Social distancing has been unequivocally shown to contribute to reducing the
spread of SARS-CoV-2. In Wuhan and Shanghai, daily contacts were reduced
7-8-fold during the social distancing period, with most interactions restricted
to the household (Zhang J 2020b, Du Z 2020). Social distancing can be an indi-
vidual choice, but it is usually imposed by health authorities during localized
or generalized “Lockdowns” or “stay-at-home orders”. We will expand on the
issues related to lockdowns and social distancing in the sections below.

With the end of lockdowns and the restart of economic and social activities,
physical distancing in public places should become an important behavioral
aspect of everyday life and an essential measure to reduce the spread of
SARS-CoV-2. Keeping a safe distance from others seems like a straightforward
recommendation but defining what can be considered a “safe distance” is in
fact quite complex. In a published meta-analysis (Chu, 2020), the authors es-
timated that the risk of being infected with SARS-CoV-2 is reduced to 13% for
those standing at 1 m and further reduced to only 3% beyond that distance.
Based on this evidence, the WHO and ECDC recommend a minimum inter-
personal distance of 1 m, although other agencies and countries suggest 1.5 m
(Australia, Italy, Germany), 1.8 m (US CDC), or even 2 meters (Canada, China,
UK) (BBC News, 2020).

Some authors suggest that even 2 meters might not be sufficient and that
being “safe” would depend on multiple factors related to both the individual
and the environment. These could include infecting viral load, duration of
exposure, number of individuals present, indoor versus outdoor settings, lev-
el of ventilation, and whether face coverings are worn or not (Qureshi 2020,
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Jones 2020). In crowded conditions, including public transport (e.g. trains,
buses, metros), physical distancing is often impossible and the use of a pro-
tective mask is usually mandatory.

Type and level Low occupancy High occupancy

of group activity
Outdoors and Indoors and Poorly Outdoors and Indoors and Poorly
well ventilated well ventilated ventilated well ventilated well ventilated ventilated

\ Wearing face coverings, contact for short time
Silent
Speaking
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singing

Wearing face coverings, contact for prolonged time

- -

———— = _
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- -
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Shouting,

singing
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Lo I Fisdiim High mmm  of distancing, number of individuals, and time of exposure

Figure 1. Jones NR et al. Two meters or one: what is the evidence for physical distancing in
covid-19? BMJ. 2020 Aug 25;370:m3223. Reproduced with permission.

Speak quietly, don’t shout (or sing)!

Traditionally, visible droplets produced during coughing and sneezing are
considered the main carriers of respiratory viruses. It emerged only later that
normal speech also yields large quantities of particles that are too small to be
visible but are large enough to carry a variety of communicable respiratory
pathogens and can remain airborne for longer periods. The rate of particle
emission during normal human speech is positively correlated with the loud-
ness (amplitude) of vocalization, ranging from approximately 1 to 50 particles
per second (0.06 to 3 particles per cm®), regardless of the language spoken
(English, Spanish, Mandarin, or Arabic) (Asadi 2019). However, a small frac-
tion of individuals behaves as “speech superemitters,” consistently releasing
many more particles than their peers.

These data may help explain the occurrence of some super-spreaders events
(e.g. choirs, parties and festivals, slaughterhouses, sport events, religious cel-
ebrations, family gatherings, etc.) that are disproportionately responsible for
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outbreaks of COVID-19 (See Epidemiology section). While research will con-
tinue to study super-spreaders events, people should abide to a very simple
rule: Regardless of physical distance, speak quietly, don’t shout!

Household hygiene

Several studies suggest the possibility of aerosol and fomite transmission of
SARS-CoV-2, since the virus can remain viable and infectious in aerosols for
hours and on surfaces up to several days (Doremalen 2020, Chin 2020).
Though transmission of SARS-COV-2 from contaminated surfaces has not
been clearly documented, traditional good home hygiene measures like
cleaning floors and furniture, keeping good ventilation and the general disin-
fection of frequently used objects (e.g. door and window handles, kitchen and
food preparation areas, bathroom surfaces, toilets and taps, touchscreen
personal devices, computer keyboards, and work surfaces) are recommend-
ed to prevent transmission, particularly where confirmed or suspected
COVID-19 cases are present (CDC 2020, WHO 20200515).

SARS-CoV-2 is sensitive to ultraviolet rays and heat (Chin 2020). Sustained
heat at 56°C for 30 minutes, 75% alcohol, chlorine-containing disinfectants,
hydrogen peroxide disinfectants and chloroform can effectively inactivate
the virus. Common detergents and sodium hypochlorite (bleach) can also be
used effectively (Kampf 2020). To avoid poisoning, disinfectants should al-
ways be used at the recommended concentrations, wearing appropriate PPE
and should never be mixed. US CDC reported a substantial increase in calls to
the poison centers in March 2020 associated with improper use of cleaners
and disinfectants; many cases were in children <5 years old (MMWR 2020).

Chemoprophylaxis (not there yet!)
In the future, antiviral drugs may be used to reduce viral shedding in sus-
pected cases and as a prophylactic treatment of contacts. As for now, unfor-
tunately, no such drugs are available.

Prevention at the community/societal levels

Widespread testing, quarantine, and intensive contact tracing

Tedros Adhanom Ghebreyesus didn’t get everything right in the SARS-CoV-2
pandemic, but he was right when he recommended: “Test! Test! Test!”
(WHO, 16 March 2020). Indeed, identification, and testing of suspected cases,
isolation and care for those confirmed, and tracing, testing and quarantine of
close contacts are critical activities to try to break the chain of transmission
in any epidemic. They worked well, for example, in responding to the 2003
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SARS outbreak and many countries in Asia successfully applied them to
COVID-19 (Li 2020, Lam 2020, Park 2020). The South Korea experience has
been nicely summarized in an article in The Guardian.

However, despite the early availability of sensitive and specific PCR tests
(Sheridan 2020), many countries in Europe and elsewhere were initially
caught by surprise. Unprepared, they struggled at first to provide sufficient
testing, isolation, and contact tracing capacities to keep up with the pace of
spread of SARS-CoV-2. Initially, in Italy, the lack of laboratory capacities led
to limiting PCR tests to symptomatic patients only, missing many asympto-
matic cases. Other countries, like Germany, fared better in diagnostics but
implementing contact tracing proved difficult everywhere when the epidemic
reached its peak, due to the large number of potential contacts of asympto-
matic cases and their relatively long incubation period.

Ensuring sufficient testing capacities paired with the development of new
rapid diagnostic tests (see section on Diagnosis) will continue to be an essen-
tial measure in facing future COVID-19 clusters. Use of rapid “point of care”
tests, advanced pooled testing strategies (Mallapaty, 2020) and the use of sali-
va samples could facilitate the task by allowing the rapid testing of large
number of people, as China has done by testing all the population of large
urban areas like Wuhan (more than 10 million people) in less than 2 weeks.

Isolation (separation of ill or infected persons from others) and quarantine
(the restriction of activities or separation of persons who are not ill, but who
may be exposed to an infectious agent or disease) are essential measures to
reduce the spread of COVID-19. Unless a patient is hospitalized, quarantine
and isolation are usually done at home or in dedicated facilities like hotels,
dormitories, or group isolation facilities (CDC 2020). Given the uncertainty
about the infectivity of the suspected individual, preventive measures are
similar for both isolation of confirmed cases and quarantine of contacts. Basi-
cally, you are required to stay at home or in the facility and avoid non-
essential contacts with others, including household members, for a set period
to avoid spreading the infection.

The long incubation and high pre-symptomatic infectivity of COVID-19 puts
family members of infected individuals at particular risk (Little 2020). The
infection rate found for household members varies between 11% and 32% (Bi
Q 2020, Wu J 2020). These differences are probably due to different isolation
measures implemented inside the family homes. Ideally, people in isolation
should have access to a separate bedroom (and bathroom), personal protec-
tion equipment (PPE) and should not have contacts with people at high risk of
serious COVID-19 disease.
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The period of isolation and quarantine required before suspected or con-
firmed cases can be considered no more infectious is still being debated. Ini-
tially, the requirement for a confirmed case was to have clinically recovered
and to have two negative RT-PCR results on sequential samples taken at least
24 hours apart (WHO 2020). This second criteria proved challenging in coun-
tries with limited testing capacities and even when tests are available, some
patients can continue to have positive PCR results for weeks or months after
the cessation of symptoms and infectivity, leading to prolonged, probably
unnecessary isolation periods.

Updated WHO criteria for releasing COVID-19 patients from isolation were
published in June (WHO 20200617). Based on data showing the rarity of the
presence of vital virus after 9 days from symptom onset (Cevic 2020), the new
recommendation is to limit the isolation period to:

e 10 days after symptom onset, plus at least 3 additional days without
symptoms for symptomatic patients.

e 10 days after positive test for SARS-CoV-2 for asymptomatic cases.

However, several countries, (e.g. Italy), continue to apply the earlier testing
criteria including a negative PCR test, which can result in individual being
kept in isolation for a longer period.

Recommended quarantine period for contacts and for travelers has not
changed and remains set at 14 days, though several countries have reduced it
to 10 days (e.g. Switzerland).

Contact tracing can be effective in reducing the risk of spread of the virus
(Keeling 2020) but it is a complex and resource intensive exercise. It is most
effective when implemented early in the outbreak, before there is sustained
community transmission. Once cases are soaring, identifying and monitoring
all the potential contacts using only the public health resources becomes
close to impossible and additional measures like physical distancing, face
masks and localized lockdowns become necessary (Cheng 2020). WHO has
published detailed guidance on contact tracing for COVID-19 and alternative
approaches to contact tracing that results in resource-saving measures have
been suggested (ECDC, April 2020).

As stated by several authors, (Steinbrook, 2020, Salathé 2020) in countries
that have managed to bring the pandemic under control a necessary step in
“reopening” society was to have sufficient testing and contact tracing capaci-
ties to successfully contain the outbreaks that will inevitably occur as social
restrictions are removed or relaxed. The coming winter months will show
which countries have learned this important lesson.
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Tracking apps

Mobile phone data reveal astonishing details about population movements.
According to an analysis by Orange, a French phone operator, data from its
telephone subscribers revealed that 17% of the inhabitants of Grand Paris
(Métropole du Grand Paris, 7 million people) left the region between March
13 and 20 - just before and after the implementation of the French lockdown
measures (Le Monde, 4 April 2020). Again, mobile phone data from individuals
leaving or transiting through the prefecture of Wuhan between 1% and
24" January 2020 showed that the distribution of population outflow from
Wubhan accurately predicted the relative frequency and geographical distri-
bution of SARS-CoV-2 infections throughout China until 19 February 2020 (Jia
JS 2020).

Numerous countries have tried to harness the power of the smartphone to
design and target measures to contain the spread of the pandemic (Oliver
2020). In addition to the dissemination of COVID-19 information and preven-
tion messages, the use of smartphones in support to contact tracing has been
promoted widely. This contact tracing system (better named “exposure noti-
fication”) would basically use an application to detect if the phone has come
in close distance for a set period of time from another phone of a person di-
agnosed with SARS-COV-2 and therefore potentially infectious. It will then
give a warning message prompting the owner to seek medical assistance, self-
isolation, and testing.

The deployment of these tracking applications has faced several hurdles, in-
cluding the need for inter-operability across platforms (Google, Apple) and
across countries (unfortunately, each European country has developed its
own app); the possibility of false-positive alerts; and the need for a majority
of the population to download and regularly activate the app to be truly ef-
fective. The need to preserve the privacy of the users forced less performing
technical solutions (e.g. decentralized data systems with data only stored in
each phone vs centralized database; preference for less-accurate Bluetooth
connection over GPS geo-localization; voluntary decision required on the
sharing of data on positivity; time-limited storage of collected data, etc.) As a
result, in June, Norway’s health authority had to delete all data gathered via
its Covid-19 contact-tracing app and suspend its further use following a rul-
ing by the Norwegian Data Protection Authority.

A few months into their introductions, most COVID-19 tracking apps have
failed to deliver as expected. In almost all countries only a small proportion
of the population have downloaded the app (only Qatar, Israel, Australia,
Switzerland, and Turkey have seen downloads above the minimum threshold
of 15% of the population) and probably even less people are regularly activat-
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ing it. More importantly, the success of a tracking application should not be
measured by the number of downloads but by the number of contacts detect-
ed, which so far have been relatively few (due to privacy concerns, the total
number of contacts is not available in countries where information is decen-
tralized).

Several countries, including France and Germany, have started to provide
additional services with the app, including for accessing laboratory services
and receiving test results. Maybe, with these improvements, tracking applica-
tions will become more efficient and their use will increase in future, though
they will probably continue to be only a support rather that a replacement
for a traditional “manual” contact tracing system.

Mandatory use of face masks

Wearing a face mask to protect self and others from SARS-CoV-2 infection
may be considered an individual choice (see above). However, as of 6 May
2020, more than 150 countries had made wearing a mask in some settings a
mandatory requirement as a collective preventive public health measure.
Mandatory settings range from “everywhere in public” to only indoor public
places, public transportation, shops, workplaces, schools, etc. Children and
people with breathing difficulties are often exempted from the mandatory
use of face masks (US CDC 2020, WHO 2020, ECDC 2020). As a result, the global
number of people regularly wearing masks in public has soared, reaching the
peak of 80-90% of the population in most countries in Asia but also in Italy,
France, and Spain. Surprisingly, mask acceptance has increased to the point
of being branded as a fashion items.

As shown in the chart, authorities in Asia have mandated the use of face
masks in public at the early stages of the pandemic, which contributed to re-
duced spread and the sharp drops in infections. As mentioned earlier, in
many other parts of the world, conflicting advice with misleading or incom-
plete information about the usefulness of masks has caused confusion among
the population and a late adoption of this preventive measure. In addition, a
growing “no-Masks” movement has gathered momentum, staging rallies in
several countries. Regardless, as new infections have started to increase
again following the summer reopening, mandatory mask requirements have
been introduced again in most European countries and is becoming a norm in
most public places.
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YouGov COVID-19 behaviour changes tracker: =
Wearing a face mask when in public places

% of people in each market who say they are: Wearing a face mask
when in public places
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Figure 2. Source: YouGov.com. Reproduced with permission.

Ban on mass gatherings

Recognizing their potential role in generating explosive clusters of SARS-
CoV-2 infections, (McCloskey 2020, Ebrahim 2020) most countries have im-
plemented nationwide bans of mass gathering like sporting and cultural
events, concerts, religious celebrations, rallies and political demonstrations,
etc. Several important international mass gatherings events have been can-
celled or postponed in 2020, including the Tokyo Olympic Games, Euro foot-
ball championship, Formula 1 Grand Prix races, the Eurovision Song Con-
test, Geneva Motor Show, Christian Holy Week events in Rome, Umrah pil-
grimage to Mecca, and many others. Most sport events have resumed, but
without public.

It is currently uncertain under which conditions events that require the con-
temporaneous presence of large numbers of people in restricted or closed
spaces (discos, bar, etc.) can be resumed without the risk of resulting in a su-
per spreader event. The limited reopening of these premises during the
summer holidays has been associated with a resurgence of the spread of the
virus observed all over Europe. WHO has published key recommendations for
mass gatherings in the context of COVID-19. Unless the risk of SARS-COV-2
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spread is reduced significantly, postponing or cancelling of planned large
event is likely to continue in the months to come.

Localized and nationwide Lockdowns

Lockdowns (or “stay-at-home orders”) are restrictions of movements of the
whole population, ordered by a government authority to suppress or mitigate
an epidemic or pandemic. They differ from quarantine in that all residents
are supposed to stay at home, except for those involved in essential tasks,
while quarantine is usually limited to people suspected to be infected.

Lockdowns and social distancing have been used for centuries in the fight
against epidemics, as famously illustrated in the Decameron, a book by Bocac-
cio, an Italian writer, which contains tales told by a group of young people
sheltering in a villa outside Florence to escape the Black Death of 1348. How-
ever, the 2020 nationwide lockdowns which ordered almost 4 billion people in
90 countries to stay at home were unprecedented in human history (see also
The First Eight Months, page 453). For the first time, lockdowns were imposed
initially in a whole city of 10 million people (Wuhan), then to the whole prov-
ince of Hubei (60 million people), finally to a whole country (Italy, followed by
most other European countries.) Though countries opted for more (China) or
less (Europe) strict confinement measures, lockdowns were clearly effective
in decreasing the infection rate to less than 10% (Cowling 2020).

How strict such measures can be has been shown in Hong Kong (Normile
2020). The recipe: hospitalize all those who test positive, even if asymptomat-
ic, and order two weeks of self-quarantine to all close contacts, monitored by
the compulsory use of electronic wristbands. A website even displays the
location of infected people in Hong Kong at all times: https://chp-
dashboard.geodata.gov.hk/covid-19/en.html. Such strict measures can be
very effective but would not be acceptable or feasible in most countries. In-
deed, one of the limitations of generalized lockdowns is that they can never
be 100% complete. People occupied in essential services (e.g. health, security,
transport, communication, food production and delivery, etc.) will need to be
allowed to move and work, and sick people will need to continue to access
health services.

Generalized lockdowns are blunt prevention tools, affecting the whole
healthy population to reduce the risk of transmission from the relatively few
potentially infectious individuals (Hsiang 2020). They impose a major eco-
nomic and social burden on the affected populations, while also preventing at
times access to prevention and treatment for other health conditions
(Charlesworth 2020). They have been described as a type of “induced coma”
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for the whole society and economy, though few benefits are also noted, for
example on pollution levels (UNDP 2020). Various authors (Marshall 2020,
Pierce 2020, Williams 2020, Galea 2020) have emphasized the combined im-
pact of the pandemic, social distancing and closures on the mental health of
the population. In addition, implementing generalized lockdowns in low-
income countries is particularly difficult. People in the informal economy
without social net benefits may be forced to choose between the risk of infec-
tion and risking of falling into poverty and hunger (ILO, 2020).

In fact, widespread testing, isolation and quarantine, combined with popula-
tion behavioral changes (physical distancing, use of masks, hand hygiene) -
that have a less disruptive social and economic impact - have been shown to
successfully contain COVID-19 if applied widely and consistently (Cowling
2020). In summary, the tighter you control the infected individuals and trace
and isolate the close contacts, the less restriction you will have to impose on
the uninfected.

The hope is for countries to learn this lesson and, being better prepared, to be
able to avoid in future the need for generalized lockdowns to respond to
COVID-19 (and other epidemics). However, the resurgence of COVID-19 in
Europe is showing how difficult it is to balance health and economic/social
imperatives. Until a sufficiently large proportion of the population is immun-
ized through vaccination or infection, localized or even generalized tempo-
rary lockdowns might continue to be required in the fight against this pan-
demic.

Travel bans/border closures

It has long been recognized that both land, sea and air travel can be efficient
and rapid routes for the international spread of a pandemic virus (Hufnagel
2004, Hollingsworth 2007). The conditions for restricting movements of peo-
ple and goods between countries in case of a public health emergency are
therefore described in the WHO International Health Regulations adopted by
all WHO member states in 2005 (IHR 2005).

As of 18 June 2020, almost all (191) countries had taken some measures that
restrict people’s movement since the COVID-19 pandemic began. Measures
ranged from control of entry onto the territory of a State to control of move-
ment within a territory, comprising of partial or total border closures (125
countries) and international flight suspensions (122 countries).

As pointed out by some authors (Habibi 2020), these measures may be in
breach of the THR 2005, not being grounded on “scientific principles, scien-
tific evidence, or advice from WHO”. Several scientific studies have indeed
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shown how the limited effectiveness of the imposition of travel bans and bor-
der closures in slowing down the introduction and spread of an epidemic or
pandemic virus (like influenza or Ebola), while carrying many damaging and
even potentially counterproductive effects (Brownstein 2006, Mateus 2014,
Poletto 2014).

In fact, widespread travel restrictions and border closures have not prevent-
ed SARS-COV-2 from reaching quickly just about every country on the planet
(see section on Epidemiology). Though Italy was the first in Europe to impose
a travel ban on China, it was also the first European country to experience a
major COVID-19 outbreak. Australia has imposed a total travel ban since 24
March that contributed initially to stop the spread of the virus but did not
prevent returning citizens and poorly-trained quarantine guards to break the
rules and cause a major outbreak in Melbourne.

One reason why travel bans are usually ineffective is that you cannot prevent
everybody from entering a country. Some people (e.g. citizens, long-term
residents, diplomats, air or ship crews, health personnel, businessmen, etc.)
are usually exempted and able to travel under national or international
agreements. Others (e.g., illegal migrants) can cross borders unofficially.

Some authors have also pointed out how the travel bans and border closures
can restrict the movement of health personnel, vital health equipment and
supplies (e.g. medicines, PPEs, testing reagents and equipment), particularly
needed in countries with limited resources (Devi 2020). Others suggest that
early detection, hand washing, self-isolation, and household quarantine will
likely be more effective than travel restrictions at mitigating this pandemic
(Chinazzi 2020).

On the other hand, the economic damage of travel bans has been substantial.
The activities of airlines, airports, travel agents, hotels and resorts have basi-
cally come to a halt at the peak of the pandemic. Eurocontrol has recorded a
90% drop in air passenger in Europe at the end of April. This figure has im-
proved with the reopening of borders but is still at -50% compared to 2019 as
of mid-July. In May, the UN World Tourism Organization (UNWTO) projected
the potential economic loss for the tourist industry worldwide at US$ 910
billion to US$ 1.2 trillion, with 100-120 million jobs at risk.

Generalized travel bans and border closures can reduce the risk of spread of a
pandemic virus but, like generalized lockdowns, are blunt tools. They affect a
large number of uninfected individuals, cause a substantial impact on the
economy and on trade, and can result in an erroneous and dangerous false
sense of security in the population and the authorities. Regular screening and
quarantine for all travelers remain the most effective ways to avoid local

Kamps - Hoffmann


https://covidreference.com/
http://www.bsk1.com/
https://www.researchgate.net/profile/Christian_Hoffmann8
https://www.researchgate.net/profile/Christian_Hoffmann8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1564183/
https://www.who.int/bulletin/volumes/92/12/14-135590.pdf
https://www.eurosurveillance.org/content/10.2807/1560-7917.ES2014.19.42.20936#html_fulltext
https://www.nationalgeographic.com/science/2020/02/why-travel-restrictions-are-not-stopping-coronavirus-covid-19/
https://www.nationalgeographic.com/science/2020/02/why-travel-restrictions-are-not-stopping-coronavirus-covid-19/
https://www.forbes.com/sites/davekeating/2020/03/12/italy-banned-flights-from-china-before-americait-didnt-work/
https://www.theage.com.au/national/victoria/how-hotel-quarantine-let-covid-19-out-of-the-bag-in-victoria-20200703-p558og.html
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)30967-3/fulltext
https://science.sciencemag.org/content/368/6489/395
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7269949/
https://www.eurocontrol.int/covid19
https://www.unwto.org/impact-assessment-of-the-covid-19-outbreak-on-international-tourism

Prevention | 131

transmission of a virus by imported cases. Hopefully, once this is understood,
international travel will finally be allowed to resume in a safe, controlled en-
vironment.’?

Vaccinate for seasonal influenza and (almost there) for COVID-19

Several authors (Richmond 2020, Jaklevic 2020, Singer 2020, Rubin 2020,
Maltezoua 2020) and public health agencies are recommending expanding
seasonal flu vaccination in the context of the COVID-19 pandemic. This fol-
lows concerns about the potential “double epidemic” of COVID-19 and sea-
sonal flu during the winter months (Balakrishnan 2020, Gostin 2020). There
are indeed many similarities (but also a few important differences) between
the two diseases (Solomon 2020, Zayet 2020, Faury 2020) which may compli-
cate the differential diagnosis for symptomatic patients, e.g. similar transmis-
sion routes, similar symptoms for mild cases , similar high-risk groups for
severe complications and mortality. A “double epidemic” could overburden
both primary care services and hospitals, require a major increase in diagnos-
tic requests, lead to unnecessary isolation and quarantine of influenza cases
and even increase stigma and discrimination of anyone presenting with
symptoms of a respiratory infection (Rubin 2020). The possibility of COVID-19
and flu co-infection should also not be ruled out (Kim 2020). Combined SARS-
CoV-2 and flu diagnostic tests, as recently approved by the FDA and being
evaluated in some countries in Europe, could be useful in quickly identifying
the pathogen(s) involved from a single sample.

Increasing coverage of seasonal influenza vaccination among high-risk
groups is a good public health measure on its own, as influenza is estimated
to cause close to 10 million hospitalizations and between 294,000 and 518,000
deaths every year (Paget 2019, CDC-US). It is also an essential measure in the
response to COVID-19 to avoid a potential breakdown of health care systems
and the related increase in mortality and morbidity.

Unfortunately, the regular uptake of flu vaccination in high-risk groups (> 65
years of age) has been in the past largely insufficient, averaging around 50%
in OECD countries. Along with efforts to increase coverage in the recom-
mended risk groups, additional measures being suggested include reducing
the recommended age for vaccination from 65 to 60 years, universal vaccina-
tion of children aged 6 months to 17 years, mandatory vaccination for all

3 COI declaration: The contributing author has been stranded since March 2020, unable
to to join, as planned, his far away relatives due to COVID-19 travel restrictions.
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health-care workers, including all workers and visitors of long-term care fa-
cilities (Balakrishnan 2020, Gostin 2020, CDC).

However, widespread implementation of these additional measures will not
be simple. The usual misguided concerns about the safety of vaccines and
more recent social media fake news reports about the possibility of flu vac-
cine causing COVID-19 will need to be addressed. Reduced healthcare seeking
behaviors due to fear of SARS-CoV-2 infection could also be a challenge. In
addition, despite efforts by vaccine manufacturers and a major increase in flu
vaccine production capacities in the last decade, due in part to preparation
for a possible flu pandemic (Rockman 2020), vaccine availability is unlikely to
be sufficient to meet such an increase in demand, at least for the coming
northern hemisphere flu season in 2020-21.

The definition of the composition of the seasonal flu vaccine is agreed by a
WHO advisory group of flu experts. Based on an analysis of data from flu sur-
veillance, laboratory and clinical studies collected through the WHO Global
Influenza Surveillance and Response System (GISRS), the group makes rec-
ommendations on the composition of the new influenza vaccine. The advisory
group meetings are held in February (for the northern hemisphere’s seasonal
influenza vaccine) and in September (for the southern hemisphere’s vaccine)
to allow sufficient time (7-9 months) to produce the required doses of vaccine
(Dunning 2020).

Influenza vaccine effectiveness can vary from season to season depending on
the similarity or “match” between the flu vaccine and the flu viruses spread-
ing in the community. During those years when the flu vaccine is not well
matched to circulating influenza viruses, effectiveness can be as low as 20%,
rising to 60% for the years when there is a good match. However, even less
effective influenza vaccines have been shown to reduce considerably the bur-
den of severe cases of influenza, admission to ICUs, and flu-related deaths
(Thompson 2018, Ferdinands 2019).

Several recent studies have reported that indicators of influenza activity have
been declining substantially in 2020 in both the northern (e.g. in Asia and the
US) and the southern hemispheres, including in countries that implemented
limited lockdown measures (Soo 2020, Olsen 2020, Itaya 2020). The decreased
influenza activity was closely associated with the introduction of interven-
tions to reduce SARS-CoV-2 transmission (Choe 2020). This is really good
news, as the evidence on the effectiveness of public health interventions in
slowing the spread of influenza has been otherwise limited (Fong 2020, Xiao
2020, Ryu 2020). If these findings are confirmed during the coming winter
season in the northern hemisphere, not only we would avoid the dangers of a
“dual epidemic” but will have confirmation on the effectiveness of non-
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pharmaceutical interventions. They could become standard interventions, in
addition to vaccination, for reducing the health burden of seasonal influenza
and other respiratory infections in high-risk groups.

On the down side, the limited detection and isolation of circulating flu viruses
by the WHO surveillance system will reduce the availability of updated and
robust data for the decision on the composition of the flu vaccine for 2021-22,
raising the danger of a poor match between future influenza vaccines and
circulating flu viruses.

- Lockdowns have all but eliminated flu season in the southern hemisphere
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Figure 3. The southern hemisphere skipped flu season in 2020 — Efforts to stop covid-19
have had at least one welcome side-effect. The Economist 2020, published 12 September.
Full-text:  https://www.economist.com/graphic-detail/2020/09/12/the-southern-hemisphere-
skipped-flu-season-in-2020. Reproduced with permission.

Additional potential good news could come from research on the effects of
influenza vaccination on the severity of SARS-CoV-2 infection. Among the few
studies available, a recent paper (Fink 2020) reports on the analysis of data
from 92,664 confirmed COVID-19 cases in Brazil showing that patients who
received a trivalent influenza vaccine during the last campaign (March 2020)
experienced on average 8% lower odds of needing intensive care treatment,
18% lower odds of requiring invasive respiratory support and 17% lower odds
of death. Similar conclusions were reached in another pre-print paper model-
ling COVID-19 mortality data and recent influenza vaccination coverage in
the USA (Zanettini 2020).
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More studies are clearly required before reaching conclusions, but the availa-
ble evidence does suggest that increasing coverage of influenza vaccination
could result in both direct and indirect benefits in terms of reduced morbidi-
ty and mortality from both COVID-19 and influenza. In addition to the long-
term benefits of expanding influenza vaccine production and uptake, these
efforts will be of great value for rolling-out the COVID-19 vaccines, since pro-
duction, distribution and promotion of uptake for the new vaccines will face
similar challenges and will need to prioritize the same vulnerable populations
(Jaklevic 2020, Mendelson 2020).

Containment or mitigation of COVID-19?

Public health interventions to control an outbreak or an epidemic aim at
achieving two separate but linked objectives (Zhang 2020, OECD 2020):

e To contain the spread by minimizing the risk of transmission from in-
fected to non-infected individuals, eventually suppressing transmission
and ending the outbreak.

e To mitigate the impact by slowing the spread of the disease while pro-
tecting those at higher risk. While not halting the outbreak, this would
“flatten the epidemic curve”, reduce disease burden and avoid a peak in
health care demand. In case of new emerging pathogens, it would also
buy time to develop effective treatments or vaccines (Djidjou-Demasse
2020).

Containment strategies rely heavily on case detection and contract tracing,
isolation, and quarantine. They are usually applied most successfully in the
early stages of an outbreak or epidemic, when the number of cases is still
manageable by the public health system (Hellewell 2020). When containment
measures are insufficient or applied too late, mitigation becomes the only
option, usually through the imposition of generalized preventive measures
like closing of non-essential activities, social distancing, mandatory mask use,
or lockdowns (Parodi 2020, Walker 2020).

During the first months of the COVID-19 pandemic, several countries (China,
Vietnam, South Korea, Australia, and New Zealand) have shown how the im-
plementation of a well-timed, comprehensive package of aggressive and com-
bined containment and mitigation policies can be effective in suppressing the
COVID-19 epidemic, at least in the short-term. Other countries (most coun-
tries in Europe) have not been able to suppress transmission but have man-
aged, at least temporarily, to mitigate the impact and bring the spread of
SARS-COV-2 down to acceptable levels during the summer months. In others
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the pandemic is raging with no end in sight (e.g., US, Brazil, most of Latin
America) and a second wave of infections is now becoming evident in several
European countries. In any case, as long as the virus is actively spreading an-
ywhere in the world, no country can feel safe (as shown by the recent out-
breaks in Victoria, Australia and in New Zealand). The fight against SARS-
CoV-2 is far from over.

Conclusion

Despite the rapid progress of the last few months, the widespread availability
of an effective vaccine or antiviral treatments still a few months away.
Meanwhile, countries are still struggling to find the right mix of preventive
measures (and the right balance between health and socio-economic priori-
ties) to build an effective response to the COVID-19 pandemic.

Finding the right prevention mix means identifying what are the most cost-
effective measures that can be widely implemented to reduce or halt the
transmission of the virus. For this, we need a better understanding of how
this virus spreads and how effective the different preventive measures are.
Only more research and better science will provide this information.

However, finding the right balance also means recognizing that some
measures can be effective, but carry very high social, economic, political, ed-
ucational, and even health costs. These are political decisions. For example,
many European countries have tried very hard to avoid imposing again strict
generalized lockdowns, border closures or travel bans. These measures are
simply too costly for society to be acceptable.

The best scenario is to be able to respond to new cluster of cases or the accel-
eration of the spread of the virus, due to “superspreader” events or a relaxa-
tion of individual preventive measures, through localized time-limited public
health measures, their effectiveness being judged by better and timely moni-
toring of the spread of the virus. Even in the absence of COVID-19 vaccines or
treatments and comprehensive knowledge of the immune response to SARS-
CoV-2, countries can navigate pathways to reduced transmission, decreased
severe illness and mortality, and less economic disruption in the short and
longer term (Bedford 2020). It is not ideal, it is not being “back to normal”,
but while we wait for the widespread availability of the new “silver bullets” it
is probably the best option we have right now to contain this pandemic.
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4, Virology

Emilia Wilson

Wolfgang Preiser

Introduction

In January 2020, a novel virus later named severe acute respiratory syndrome
coronavirus (SARS-CoV-2) was isolated from the broncho-alveolar fluid of a
patient in Wuhan, People’s Republic of China, suffering from what became
known as coronavirus disease 2019 (COVID-19). SARS-CoV-2 is highly trans-
missible and pathogenic. Until present (October 2020), it has infected tens of
millions of individuals, causing more than a million deaths and debilitating
the economy.

Coronaviruses (CoV) are large, spherical, enveloped RNA viruses with distinct
protruding spike glycoproteins visible on the viral surface. The name is de-
rived from the Latin “corona”, which means crown or halo, referencing the
characteristic morphology when viewed under an electron microscope (Zuck-
erman 2009, Perlman 2020). Structural proteins include envelope (E), matrix
(M), and nucleocapsid (N).CoV contain a single strand of positive-sense RNA.
Their genome size ranges from c. 26 to 32 kilobases, placing them among the
known RNA viruses with the largest genomes.

The family Coronaviridae belongs to the order Nidovirales, suborder
Cornidovirineae. Subfamily Orthocoronavirinae includes four genera: alpha-,
beta-, delta- and gammacoronavirus. Genera alpha- and betacoronavirus con-
tain several human-pathogenic subgenera and species. SARS-CoV-2 is a previ-
ously unknown betacoronavirus in subgenus Sarbecovirus, like its close rela-
tive, severe acute respiratory syndrome-related coronavirus (SARS-CoV).
Other notable beta-CoV are Middle East respiratory syndrome-related CoV
(MERS-CoV) in subgenus Merbecovirus as well as human CoV HKU1 and hu-
man CoV 0C43, species Betacoronavirus 1, both in subgenus Embecovirus.

Species in of the family Coronaviridae infect various species of animals - hu-
mans, other mammals, and birds - causing a broad spectrum of different dis-
eases. Human CoV are primarily respiratory pathogens but may cause enteric
disease. Respiratory illness caused by human CoV HCoV-0C43, HCoV-HKU1,
HCoV-229E, and HCoV-NL63 is usually mild and “common cold”-like and thus
not of major public health concern (Korsman 2012). The highly pathogenic
CoV affecting humans cause severe acute respiratory infections often result-
ing in serious disease and death is was caused by the novel SARS-CoV and
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MERS-CoV. There is strong evidence that these viruses emerged recently
from animal reservoirs, originating in bats and transmitted to man via inter-
mediate host species. Intra- and inter-species transmission of CoVs, and ge-
netic recombination events contribute to the emergence of new CoV strains.

The following sections will review coronaviruses in general with a more de-
tailed appraisal of the origin, evolution, virological structure and pathogene-
sis of SARS-CoV-2 to expand knowledge pertaining to COVID-19 and prospec-
tive anti-viral and vaccine therapies.

* %k %k

The complete chapter will be available soon.

* % %
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D614G enhances replication on human lung epithelial cells and primary
human airway tissues through an improved infectivity of virions.
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Review on notable genomic features of SARS-CoV-2, compared to alpha-
and beta-coronaviruses. Insights on the origin, clearly showing that this
virus is not a laboratory construct or a purposefully manipulated virus.
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https://doi.org/10.1038/s41579-018-0118-9

SARS-CoV and MERS-CoV likely originated in bats, both jumping species
to infect humans through different intermediate hosts.
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pangolins. Nature. 2020 Mar 26. PubMed: https://pubmed.gov/32218527. Fulltext:
https://doi.org/10.1038/s41586-020-2169-0

Do Malayan pangolins act as intermediate hosts? Metagenomic sequenc-
ing identified pangolin-associated coronaviruses, including one with
strong similarity to SARS-CoV-2 in the receptor-binding domain.

Xiao K, ZhaiJ, Feng Y, et al. Isolation of SARS-CoV-2-related coronavirus from Malayan pan-
golins. Nature. 2020 May 7. PubMed: https://pubmed.gov/32380510. Full-text:
https://doi.org/10.1038/s41586-020-2313-x

In a wildlife rescue center, authors found a coronavirus in 25 Malayan
pangolins (some of them were very sick), showing 90-100% amino acid
identity with SARS-CoV-2 in different genes. Comparative genomic anal-
ysis suggested that SARS-CoV-2 might have originated from the recom-
bination of a Pangolin-CoV-like virus with a Bat-CoV-RaTG13-like virus.
As the RBD of Pangolin-CoV is virtually identical to that of SARS-CoV-2,
the virus in pangolins presents a potential future threat to public health.
Pangolins and bats are both nocturnal animals, eat insects, and share
overlapping ecological niches, which make pangolins the ideal interme-
diate host. Stop the illegal pangolin trade!

Zhang T, Wu Q, Zhang Z. Probable Pangolin Origin of SARS-CoV-2 Associated with the COVID-
19 Outbreak. Curr Biol. 2020 Mar 13. PubMed: https://pubmed.gov/32197085. Fulltext:
https://doi.org/10.1016/j.cub.2020.03.022
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This study suggests that pangolin species are a natural reservoir of SARS-
CoV-2-like CoVs. Pangolin-CoV was 91.0% and 90.6% identical to SARS-
CoV-2 and Bat-CoV RaTG13, respectively.

Zhou H, Chen X, Hu T, et al. A Novel Bat Coronavirus Closely Related to SARS-CoV-2 Contains
Natural Insertions at the S1/S2 Cleavage Site of the Spike Protein. Curr Biol. 2020 May
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A novel bat-derived coronavirus was identified from a metagenomics
analysis of samples from 227 bats collected from Yunnan Province in
2019. Notably, RmYNO2 shares 93.3% nucleotide identity with SARS-CoV-
2 at the scale of the complete genome and 97.2% identity in the lab gene,
in which it is the closest relative of SARS-CoV-2 reported to date. Howev-
er, RmYNO2 showed low sequence identity (61.3%) in the receptor bind-
ing domain and might not bind to ACE2.

Stability and transmission of the virus

Chin AW, Chu JT, Perera MR, et al. Stability of SARS-CoV-2 in different environmental condi-
tions.The Lancet Microbe 2020, April 02. Full-text:
https://www.thelancet.com/journals/lanmic/article/P11S2666-5247(20)30003-3/fulltext

SARS-CoV-2 was highly stable at 4°C (almost no reduction on day 14) but
sensitive to heat (70°C: inactivation 5 min, 56°: 30 min, 37°: 2 days). It al-
so depends on the surface: No infectious virus could be recovered from
print and tissue paper after 3 hours, from treated wood and cloth on day
2, from glass and banknotes on day 4, stainless steel and plastic on day 7.
Strikingly, a detectable level of infectious virus (<0-1% of the original in-
oculum) was still present on the outer layer of a surgical mask on day 7.

Kim YI, Kim SG, Kim SM, et al. Infection and Rapid Transmission of SARS-CoV-2 in Ferrets.
Cell Host Microbe. 2020 Apr 5. PubMed: https://pubmed.gov/32259477. Full-text:
https://doi.org/10.1016/j.chom.2020.03.023.

Ferrets shed the virus in nasal washes, saliva, urine, and feces up to 8
days post-infection. They may represent an infection and transmission
animal model of COVID-19 that may facilitate development of SARS-CoV-
2 therapeutics and vaccines.

Leung NH, Chu Dk, Shiu EY. Respiratory virus shedding in exhaled breath and efficacy of face
masks. Nature Med 2020, April 3. https://doi.org/10.1038/541591-020-0843-2
This study from Hong Kong (performed 2013-16) quantified virus in res-
piratory droplets and aerosols in exhaled breath. In total, 111 partici-
pants (infected with seasonal coronavirus, influenza or rhinovirus) were
randomized to wear or not to wear a simple surgical face mask. Results
suggested that masks could be used by ill people to reduce onward
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transmission. In respiratory droplets, seasonal coronavirus was detected
in 3/10 (aerosols: 4/10) samples collected without face masks, but in 0/11
(0/11) from participants wearing face masks. Influenza viruses were de-
tected in 6/23 (8/23) without masks, compared to 1/27 (aerosol 6/27!)
with masks. For rhinovirus, there were no significant differences at all.
Of note, authors also identified virus in some participants who did not
cough at all during the 30 min exhaled breath collection, suggesting
droplet and aerosol routes of transmission from individuals with no ob-
vious signs or symptoms.

ShiJ, Wen Z, Zhong G, et al. Susceptibility of ferrets, cats, dogs, and other domesticated ani-
mals to SARS-coronavirus 2. Science. 2020 Apr 8. PubMed: https://pubmed.gov/32269068.
Full-text: https://doi.org/10.1126/science.abb7015

SARS-CoV-2 replicates poorly in dogs, pigs, chickens, and ducks. Howev-
er, ferrets and cats are permissive to infection and cats were susceptible
to airborne infection. But cat owners can relax. Experiments were done
in a small number of cats exposed to high doses of the virus, probably
more than found in real-life. It also remains unclear if cats secrete
enough coronavirus to pass it on to humans.

van Doremalen N, Bushmaker T, Morris DH, et al. Aerosol and Surface Stability of SARS-CoV-2
as Compared with SARS-CoV-1. N Engl J Med. 2020 Mar 17. PubMed:
https://pubmed.gov/32182409. Fulltext: https://doi.org/10.1056/NEJMc2004973

Stability of SARS-CoV-2 was similar to that of SARS-CoV-1, indicating
that differences in the epidemics probably arise from other factors and
that aerosol and fomite transmission of SARS-CoV-2 is plausible. The vi-
rus can remain viable and infectious in aerosols for hours and on surfac-
es up to days (depending on the inoculum shed).

Chan KH, Sridhar S, Zhang RR, et al. Factors affecting stability and infectivity of SARS-CoV-2.
J Hosp Infect. 2020 Jul 8. PubMed: https://pubmed.gov/32652214. Full-text:
https://doi.org/10.1016/j.jhin.2020.07.009
Dry heat is bad, damp cold is good (for the virus). Dried SARS-CoV-2 virus
on glass retained viability for over 3-4 days at room temperature and for
14 days at 4°C, but lost viability rapidly at 37°C. SARS-CoV-2 in solution
remained viable for much longer under the same different temperature
conditions.
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Cell tropism, ACE expression

Chu H, Chan JF, Yuen TT, et al. Comparative tropism, replication kinetics, and cell damage
profiling of SARS-CoV-2 and SARS-CoV with implications for clinical manifestations,
transmissibility, and laboratory studies of COVID-19: an observational study. Lancet
Microbe April 21, 2020. Full-text: https://doi.org/10.1016/52666-5247(20)30004-5

An elegant study, explaining distinct clinical features of COVID-19 and
SARS. Investigation of cell susceptibility, species tropism, replication ki-
netics, and virus-induced cell damage from both SARS-CoVs, using live
infectious virus particles. SARS-CoV-2 replicated more efficiently in hu-
man pulmonary cells, indicating that SARS-CoV-2 has most likely
adapted better to humans. SARS-CoV-2 replicated significantly less in in-
testinal cells (might explain lower diarrhea frequency compared to
SARS) but better in neuronal cells, highlighting the potential for neuro-
logical manifestations.

Hou Y]J, Okuda K, Edwards CE, et al. SARS-CoV-2 Reverse Genetics Reveals a Variable Infection
Gradient in the Respiratory Tract. Cell, May 26, 2020. Full-text:
https://doi.org/10.1016/j.cell.2020.05.042

This study quantitated differences in ACE2 receptor expression and
SARS-CoV-2 infectivity in the nose (high) vs the peripheral lung (low). If
the nasal cavity is the initial site mediating seeding of the lung via aspi-
ration, these studies argue for the widespread use of masks to prevent
aerosol, large droplet, and/or mechanical exposure to the nasal passages.

Hui KPY, Cheung MC, Perera RAPM, et al. Tropism, replication competence, and innate im-
mune responses of the coronavirus SARS-CoV-2 in human respiratory tract and con-
junctiva: an analysis in ex-vivo and in-vitro cultures. Lancet Respir Med. 2020 May 7.
PubMed: https://pubmed.gov/32386571. Full-text: https://doi.org/10.1016/52213-
2600(20)30193-4

More insights into the transmissibility and pathogenesis. Using ex vivo
cultures, the authors evaluated tissue and cellular tropism of SARS-CoV-
2 in human respiratory tract and conjunctiva in comparison with other
coronaviruses. In the bronchus and in the conjunctiva, SARS-CoV-2 rep-
lication competence was higher than SARS-CoV. In the lung, it was simi-
lar to SARS-CoV but lower than MERS-CoV.

ShangJ, Ye G, Shi K. Structural basis of receptor recognition by SARS-CoV-2. Nature 2020,
March 30. Full-text: https://doi.org/10.1038/s41586-020-2179-y.

How well does SARS-CoV-2 recognize hACE2? Better than other corona-
viruses. Compared to SARS-CoV and RaTG13 (isolated from bats), ACE2-
binding affinity is higher. Functionally important epitopes in SARS-CoV-
2 RBM are described that can potentially be targeted by neutralizing an-
tibody drugs.
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Sungnak W, Huang N, Bécavin C,et al. SARS-CoV-2 entry factors are highly expressed in nasal
epithelial cells together with innate immune genes. Nature Medicine, Published: 23
April 2020. Full-text: https://www.nature.com/articles/s41591-020-0868-6

Another elegant paper, confirming the expression of ACE2 in multiple
tissues shown in previous studies, with added information on tissues not
previously investigated, including nasal epithelium and cornea and its
co-expression with TMPRSS2. Potential tropism was analyzed by survey-
ing expression of viral entry-associated genes in single-cell RNA-
sequencing data from multiple tissues from healthy human donors.
These transcripts were found in specific respiratory, corneal and intesti-
nal epithelial cells, potentially explaining the high efficiency of SARS-
CoV-2 transmission.

Spike protein

Coutard B, Valle C, de Lamballerie X, Canard B, Seidah NG, Decroly E. The spike glycoprotein of
the new coronavirus 2019-nCoV contains a furin-like cleavage site absent in CoV of
the same clade. Antiviral Res. 2020 Apr;176:104742. PubMed:
https://pubmed.gov/32057769. Fulltext: https://doi.org/10.1016/j.antiviral.2020.104742

Identification of a peculiar furin-like cleavage site in the Spike protein of
SARS-CoV-2, lacking in other SARS-like CoVs. Potential implication for
the development of antivirals.

Watanabe Y, Allen JD, Wrapp D, McLellan JS, Crispin M. Site-specific glycan analysis of the
SARS-CoV-2 spike. Science. 2020 May 4. PubMed: https://pubmed.gov/32366695. Full-text:
https://doi.org/10.1126/science.abb9983

The surface of the envelope spike is dominated by host-derived glycans.
These glycans facilitate immune evasion by shielding specific epitopes
from antibody neutralization. SARS-CoV-2 S gene encodes 22 N-linked
glycan sequons per protomer. Using a site-specific mass spectrometric
approach, the authors reveal these glycan structures on a recombinant
SARS-CoV-2 S immunogen.

Cai Y, Zhang J, Xiao T, et al. Distinct conformational states of SARS-CoV-2 spike protein.
Science 21 Jul 2020. Full-text: https://doi.org/10.1126/science.abd4251
The authors report two cryo-EM structures, derived from a preparation
of the full-length S protein, representing its pre-fusion (2.9A resolution)
and post-fusion (3.0A resolution) conformations, respectively, and iden-
tify a structure near the fusion peptide - the fusion peptide proximal re-
gion (FPPR), which may play a critical role in the fusogenic structural re-
arrangements of S protein.

Ke Z, Oton J, QuK, et al. Structures and distributions of SARS-CoV-2 spike proteins on intact
virions. Nature 2020, published 17 August. Full-text: https://doi.org/10.1038/s41586-020-
2665-2
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More on how SARS-CoV-2 Spike (S) proteins function and how they in-
teract with the immune system. This work extends the knowledge of the
structures, conformations and distributions of S trimers within virions.

Toelzer C, Gupta K, Yadav SK, et al. Free fatty acid binding pocket in the locked structure of
SARS-CoV-2  spike  protein.  Science 21 Sep  2020.  Full-text:
https://doi.org/10.1126/science.abd3255
The structure of the SARS-CoV-2 S glycoprotein. The RBDs tightly bind
the essential free fatty acid (FFA) linoleic acid (LA) in three composite
binding pockets. The LA-binding pocket presents a promising target for
future development of small molecule inhibitors that, for example, could
irreversibly lock S in the closed conformation and interfere with recep-
tor interactions.

Turotiové B, Sikora M, Schiirmann C, et al. In situ structural analysis of SARS-CoV-2 spike
reveals flexibility mediated by three hinges. Science 2020, published 18 August. Full-
text: https://science.sciencemag.org/content/early/2020/08/17/science.abd5223
This work shows that the stalk domain of S contains three hinges, allow-
ing S to scan the host cell surface, shielded from antibodies by an exten-
sive glycan coat.

Binding to ACE

LanJ, GeJ, Yu], et al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to
the ACE2 receptor. Nature. Published: 30 March 2020. Full-text:
https://www.nature.com/articles/s41586-020-2180-5

To elucidate the SARS-CoV-2 RBD and ACE2 interaction at a higher reso-
lution/atomic level, authors used X-ray crystallography. Binding mode
was very similar to SARS-CoV, arguing for a convergent evolution of
both viruses. The epitopes of two SARS-CoV antibodies targeting the
RBD were also analysed with the SARS-CoV-2 RBD, providing insights in-
to the future identification of cross-reactive antibodies.

Wang Q, Zhang Y, Wu L, et al. Structural and Functional Basis of SARS-CoV-2 Entry by Using
Human ACE2. Cell. 2020 Apr 7. PubMed: https://pubmed.gov/32275855. Full-text:
https://doi.org/10.1016/j.cell.2020.03.045

Atomic details of the crystal structure of the C-terminal domain of SARS-
CoV-2 spike protein in complex with human ACE2 are presented. The
hACE2 binding mode of SARS-CoV-2 seems to be similar to SARS-CoV,
but some key residue substitutions slightly strengthen the interaction
and lead to higher affinity for receptor binding. Antibody experiments
indicated notable differences in antigenicity between SARS-CoV and
SARS-CoV-2
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Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis for the recognition of SARS-CoV-2
by full-length human ACE2. Science. 2020 Mar 27;367(6485):1444-1448. PubMed:
https://pubmed.gov/32132184. Full-text: https://doi.org/10.1126/science.abb2762

Using cryo-electron microscopy, this paper shows how SARS-CoV-2
binds to human cells. The first step in viral entry is the binding of the vi-
ral trimeric spike protein to the human receptor angiotensin-converting
enzyme 2 (ACE2). The authors present the structure of human ACE2 in
complex with a membrane protein that it chaperones, BOAT1. The struc-
tures provide a basis for the development of therapeutics targeting this
crucial interaction.

Starr TN, Greaney AJ, Hilton SK, et al. Deep mutational scanning of SARS-CoV-2 receptor
binding domain reveals constraints on folding and ACE2 binding. Cell August 11, 2020.
Full-text: https://doi.org/10.1016/j.cell.2020.08.012
The authors have systematically changed every amino acid in the RBD
and determine the effects of the substitutions on Spike expression, fold-
ing, and ACE2 binding. The work identifies structurally constrained re-
gions that would be ideal targets for COVID-19 countermeasures and
demonstrates that mutations in the virus which enhance ACE2 affinity
can be engineered but have not, to date, been naturally selected during
the pandemic.

Yang J, Petitjean SJL, Koehler M. Molecular interaction and inhibition of SARS-CoV-2 binding
to the ACE2Z receptor. Nat Commun 11, 4541  (2020). Full-text:
https://doi.org/10.1038/s41467-020-18319-6
How the receptor binding domain serves as the binding interface within
the S-glycoprotein with the ACE2 receptor. Kinetic and thermodynamic
properties of this binding pocket.

Cell entry

Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2 Cell Entry Depends on ACE2 and
TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell. 2020 Mar 4.
PubMed: https://pubmed.gov/32142651. Fulltext:
https://doi.org/10.1016/j.cell.2020.02.052

This work shows how viral entry happens. SARS-CoV-2 uses the SARS-
CoV receptor ACE2 for entry and the serine protease TMPRSS2 for S pro-
tein priming. In addition, sera from convalescent SARS patients cross-
neutralized SARS-2-S-driven entry.
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Letko M, Marzi A, Munster V. Functional assessment of cell entry and receptor usage for
SARS-CoV-2 and other lineage B betacoronaviruses. Nat Microbiol. 2020 Apr;5(4):562-569.
PubMed: https://pubmed.gov/32094589. Full-text: https://doi.org/10.1038/s41564-020-0688-y

Important work on viral entry, using a rapid and cost-effective platform
which allows to functionally test large groups of viruses for zoonotic po-
tential. Host protease processing during viral entry is a significant barri-
er for several lineage B viruses. However, bypassing this barrier allows
several coronaviruses to enter human cells through an unknown recep-
tor.

Ou X, LiuY, Lei X, et al. Characterization of spike glycoprotein of SARS-CoV-2 on virus entry
and its immune cross-reactivity with SARS-CoV. Nat Commun. 2020 Mar 27;11(1):1620.
PubMed: https://pubmed.gov/32221306. Fulltext: https://doi.org/10.1038/s41467-020-
15562-9

More on viral entry and on (the limited) cross-neutralization between
SARS-CoV and SARS-CoV-2.

Yuan M, Wu NC, Zhu X, et al. A highly conserved cryptic epitope in the receptor-binding
domains of SARS-CoV-2 and SARS-CoV. Science. 2020 Apr 3. PubMed:
https://pubmed.gov/32245784. Full-text: https://doi.org/10.1126/science.abb7269
Insights into antibody recognition and how SARS-CoV-2 can be targeted
by the humoral response, revealing a conserved epitope shared between
SARS-CoV and SARS-CoV-2. This epitope could be used for vaccines and
the development of cross-protective antibodies.

Zhang L, Lin D, Sun X, et al. Crystal structure of SARS-CoV-2 main protease provides a basis
for design of improved alpha-ketoamide inhibitors. Science. 2020 Mar 20. PubMed:
https://pubmed.gov/32198291. Fulltext: https://doi.org/10.1126/science.abb3405
Description of the X-ray structures of the main protease (Mpro, 3CLpro)
of SARS-CoV-2 which is essential for processing the polyproteins that are
translated from the viral RNA. A complex of Mpro and an optimized pro-
tease a-ketoamide inhibitor is also described.

Cantuti-Castelvetri L, Ojha R, Pedro LD, et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry
and infectivity. Science 2020, published 20 October. Full-text:
https://doi.org/10.1126/science.abd2985
Neuropilin-1 (NRP1), known to bind furin-cleaved substrates, significant-
ly potentiates SARS-CoV-2 infectivity, an effect blocked by a monoclonal
blocking antibody against NRP1.

Daly JL, Simonetti B, Klein K, et al. Neuropilin-1 is a host factor for SARS-CoV-2 infection.
Science 2020, published 20 October. Full-text: https://doi.org/10.1126/science.abd3072

More on how S binds to cell surface neuropilin-1 (NRP1) and neuropilin-2
(NRP2) receptors.
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RNA-dependent RNA polymerase (RdRp)

GaoY, Yan L, Huang Y, et al. Structure of the RNA-dependent RNA polymerase from COVID-
19 virus. Science. 15 May 2020: Vol. 368, Issue 6492, pp. 779-782. Full-text:
https://doi.org/10.1126/science.abb7498

Using cryogenic electron microscopy, the authors describe the structure
of the RNA-dependent RNA polymerase, another central enzyme of the
viral replication machinery. It is also shown how remdesivir and sofos-
buvir bind to this polymerase. The authors determined a 2.9-angstrom-
resolution structure of the RNA-dependent RNA polymerase (also known
as nsp12), which catalyzes the synthesis of viral RNA, in complex with
two cofactors, nsp7 and nsp8.

Hillen HS, Kokic G, Farnung L et al. Structure of replicating SARS-CoV-2 polymerase. Nature

2020. Full-text: https://doi.org/10.1038/s41586-020-2368-8

The cryo-electron microscopic structure of the SARS-CoV-2 RdRp in ac-
tive form, mimicking the replicating enzyme. Long helical extensions in
nsp8 protrude along the exiting RNA, forming positively charged ‘sliding
poles’. These sliding poles can account for the known processivity of the
RdRp that is required for replicating the long coronavirus genome. A
nice video provides an animation of the replication machine.

Chen J, Malone B, Llewellyn E, et al. Structural basis for helicase-polymerase coupling in the
SARS-CoV-2 replication-transcription complex. Cell 2020, 27 July, 2020. Full-text:
https://doi.org/10.1016/j.cell.2020.07.033
A cryo-electron microscopic structure of the SARS-CoV-2 holo-RdRp with
an RNA template-product with two molecules of the nsp13 helicase and
identify a new potential target for future antiviral drugs.

Wolff G, Limpnes RW, Zevenhoven-Dobbe JC, et al. A molecular pore spans the double mem-
brane of the coronavirus replication organelle. Science 06 Aug 2020: eabd3629. Full-
text: https://doi.org/10.1126/science.abd3629
Coronavirus replication is associated with virus-induced cytosolic dou-
ble-membrane vesicles, which may provide a tailored micro-
environment for viral RNA synthesis in the infected cell. Visualization of
a molecular pore complex that spans both membranes of the double-
membrane vesicle and would allow export of RNA to the cytosol. Alt-
hough the exact mode of function of this molecular pore remains to be
elucidated, it would clearly represent a key structure in the viral replica-
tion cycle that may offer a specific drug target.
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Animals and animal models

Bao L, Deng W, Huang B, et al. The pathogenicity of SARS-CoV-2 in hACE2 transgenic mice.
Nature. 2020 May 7. PubMed: https://pubmed.gov/32380511. Full-text:
https://doi.org/10.1038/s41586-020-2312-y

In transgenic mice bearing human ACE2 and infected with SARS-CoV-2,
the pathogenicity of the virus was demonstrated. This mouse model will
be valuable for evaluating antiviral therapeutics and vaccines as well as
understanding the pathogenesis of COVID-19.

Chan JF, Zhang AJ, Yuan S, et al. Simulation of the clinical and pathological manifestations of
Coronavirus Disease 2019 (COVID-19) in golden Syrian hamster model: implications
for disease pathogenesis and transmissibility. Clin Infect Dis. 2020 Mar 26. PubMed:
https://pubmed.gov/32215622. Fulltext: https://doi.org/10.1093/cid/ciaa325

A readily available hamster model as an important tool for studying
transmission, pathogenesis, treatment, and vaccination against SARS-
CoV-2.

Chandrashekar A, Liu J, Martinot AJ, et al. SARS-CoV-2 infection protects against rechallenge
in rhesus macaques. Science. 2020 May. PubMed: https://pubmed.gov/32434946. Full-text:
https://doi.org/10.1126/science.abca776

No re-infection in macaques. Following initial viral clearance, 9 rhesus
macaques were re-challenged on day 35 with the same doses of virus that
were utilized for the primary infection. Very limited viral RNA was ob-
served in BAL on day 1 after re-challenge, with no viral RNA detected at
subsequent timepoints. These data show that SARS-CoV-2 infection in-
duced protective immunity against re-exposure in nonhuman primates.

Halfman PJ, Hatta M, Chiba S, et al. Transmission of SARS-CoV-2 in Domestic Cats. NEJM May
13, 2020. Full-text: https://www.nejm.org/doi/full/10.1056/NEJMc2013400

Three domestic cats were inoculated with SARS-CoV-2. One day later, an
uninfected cat was cohoused with each of the inoculated cats. All six cats
became infected and developed antibody titers but none showed any
symptoms. Cats may be a silent intermediate host.

Rockx B, Kuiken T, Herfst S, et al. Comparative pathogenesis of COVID-19, MERS, and SARS in
a nonhuman primate model. Science 17 Apr 2020. Full text:
https://science.sciencemag.org/content/early/2020/04/16/science.abb7314

Macaques may serve as a model to test therapeutic strategies. Virus was
excreted from nose and throat in the absence of clinical signs, and was
detected in type I and II pneumocytes in foci of diffuse alveolar damage
and in ciliated epithelial cells of nasal, bronchial, and bronchiolar muco-
sae. In SARS-CoV infection, lung lesions were typically more severe,
while they were milder in MERS-CoV infection, where virus was detected
mainly in type Il pneumocytes.
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Munster VJ, Feldmann F, Williamson BN, et al. Respiratory disease in rhesus macaques inocu-
lated with SARS-CoV-2. Nature 2020. Full-text: https://doi.org/10.1038/541586-020-2324-7

SARS-CoV-2 caused respiratory disease in 8 rhesus macaques, lasting 8-
16 days. High viral loads were detected in swabs as well as in bron-
choalveolar lavages. This “model” recapitulates COVID-19, with regard to
virus replication and shedding, the presence of pulmonary infiltrates,
histological lesions and seroconversion.

Sia SF, Yan L, Chin AWH. et al. Pathogenesis and transmission of SARS-CoV-2 in golden ham-
sters. Nature 2020. Full-text: https://doi.org/10.1038/s41586-020-2342-5

In most cases, you don’t need monkeys. Golden Syrian hamsters may also
work. SARS-CoV-2 transmitted efficiently from inoculated hamsters to
naive hamsters by direct contact and via aerosols. Transmission via fom-
ites in soiled cages was less efficient. Inoculated and naturally-infected
hamsters showed apparent weight loss, and all animals recovered with
the detection of neutralizing antibodies.

Sit TH, Brackman CJ, Ip SM et al. Infection of dogs with SARS-CoV-2. Nature 2020. Full-text:
https://www.nature.com/articles/s41586-020-2334-5

Two out of fifteen dogs (one Pomeranian and one German Shepherd)
from households with confirmed COVID-19 cases in Hong Kong were
found to be infected. Both dogs remained asymptomatic but later devel-
oped antibody responses detected using plaque reduction neutralization
assays. Genetic analysis suggested that the dogs caught the virus from
their owners. It still remains unclear whether infected dogs can transmit
the virus to other animals or back to humans.

Dinnon KH, Leist SR, Schifer A et al. A mouse-adapted model of SARS-CoV-2 to test COVID-19
countermeasures. Nature, August 27, 2020. Full-text: https://doi.org/10.1038/s41586-020-
2708-8
Unfortunately, standard laboratory mice do not support infection with
SARS-CoV-2 due to incompatibility of the S protein to the murine
ortholog (mACE2) of the human receptor. This work has developed a re-
combinant virus (SARS-CoV-2 MA) that could utilize mACE2 for entry.
This model may be helpful in studying COVID-19 pathogenesis.

Mufioz-Fontela C, Dowling WE, Funnell SGP, et al. Animal models for COVID-19. Nature. 2020
Sep 23. PubMed: https://pubmed.gov/32967005. Full-text: https://doi.org/10.1038/s41586-
020-2787-6
Mice, hamsters, ferrets, minks, cats, pigs, fruit bats, monkeys: a variety
of murine models for mild and severe COVID-19 have been described or
are under development. All will be useful for vaccine and antiviral evalu-
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ation and some share features with the human disease. Review (per-
formed by a huge international collaboration).

Vaccine (see also Immunology)

Le TT, Andreadakis Z, Kumar A, et al. The COVID-19 vaccine development landscape. Nature
reviews drug discovery. 09 April 2020. Full-text: https://www.nature.com/articles/d41573-
020-00073-5.

Brief data-driven overview by seven experts. The conclusion is that ef-
forts are unprecedented in terms of scale and speed and that there is an
indication that vaccine could be available by early 2021. As of 8 April
2020, the global vaccine landscape includes 115 candidates, of which the
5 most advanced candidates have already moved into clinical develop-
ment, including mRNA-1273 from Moderna, Ad5-nCoV from CanSino Bio-
logics, INO-4800 from Inovio, LV-SMENP-DC and pathogen-specific aAPC
from Shenzhen Geno-Immune Medical Institute. The race is on!

Callaway E. The race for coronavirus vaccines: a graphical guide, Eight ways in which scien-
tists hope to provide immunity to SARS-CoV-2. Nature 2020, 28 April 2020. 580, 576-577.
Full-text: https://doi.org/10.1038/d41586-020-01221-y

Fantastic graphic review on current vaccine development. Easy to under-
stand, it explains different approaches such as virus, viral-vector, nucle-
ic-acid and protein-based vaccines.

Zhu FC, Li YH, Guan XH. Safety, tolerability, and immunogenicity of a recombinant adenovi-
rus type-5 vectored COVID-19 vaccine: a dose-escalation, open-label, non-
randomised, first-in-human trial. Lancet May 22, 2020. Full-text:
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(20)31208-3/fulltext

Open label Phase I trial of an Ad5 vectored COVID-19 vaccine, using the
full-length spike glycoprotein. A total of 108 healthy adults aged between
18 and 60 years from Wuhan, China, were given three different doses.
ELISA antibodies and neutralising antibodies increased significantly and
peaked 28 days post-vaccination. Specific T cell response peaked at day
14 post-vaccination. Follow up is still short and authors are going to fol-
low up the vaccine recipients for at least 6 months, so more data will be
obtained. Of note, adverse events were relatively frequent, encompassing
pain at injection sites (54%), fever (46%), fatigue (44%) and headache
(39%). Phase II studies are underway.

Pathogenesis

Blanco-Melo D, Nilsson-Payant BE, Liu WC, et al. Imbalanced Host Response to SARS-CoV-2
Drives Development of COVID-19. Cell May 15, 2020. Full-text:
https://doi.org/10.1016/j.cell.2020.04.026
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Incredible in-depth analysis of host response to SARS-CoV-2 and other
human respiratory viruses in cell lines, primary cell cultures, ferrets, and
COVID-19 patients. Data consistently revealed a unique and inappropri-
ate inflammatory response to SARS-CoV-2 which is imbalanced with re-
gard to controlling virus replication versus activation of the adaptive
immune response. It is defined by low levels of type I and III interferons
juxtaposed to elevated chemokines and high expression of IL-6. The au-
thors propose that reduced innate antiviral defenses coupled with exu-
berant inflammatory cytokine production are the defining and driving
features of COVID-19. Given this dynamic, treatments for COVID-19 have
less to do with the IFN response and more to do with controlling inflam-
mation.

Bordoni V, Sacchi A, Cimini E. An inflammatory profile correlates with decreased frequency
of cytotoxic cells in COVID-19. Clinical Infectious Diseases 2020, May 15. Full-text:
https://doi.org/10.1093/cid/ciaa577
The increase in inflammatory mediators is correlated with a reduction of
innate and adaptive cytotoxic antiviral function. The authors found a
lower perforin+ NK cell number in 7 intensive care unit (ICU) patients
compared to 41 non-ICU patients, suggesting an impairment of the im-
mune cytotoxic arm as a pathogenic mechanism.

Grifoni A, Weiskopf D, Ramirez S, et al. Targets of T cell responses to SARS-CoV-2 corona-
virus in humans with COVID-19 disease and unexposed individuals. Cell 2020. Full-text:
https://doi.org/10.1016/j.cell.2020.05.015

Cellular response is a major knowledge gap. This important study identi-
fied circulating SARS-CoV-2-specific CD8 and CD4 T cells in 70-100% of 20
COVID-19 convalescent patients, respectively. CD4 T cell responses to
spike protein were robust and correlated with the magnitude of 1gG ti-
ters. Of note, the authors detected SARS-CoV-2-reactive CD4 T cells in 40-
60% of unexposed individuals, suggesting cross-reactive T cell recogni-
tion between circulating seasonal coronaviruses and SARS-CoV-2.

Li H, Liu L, Zhang D, et al. SARS-CoV-2 and viral sepsis: observations and hypotheses. Lancet.
2020 May 9;395(10235):1517-1520. PubMed: https://pubmed.gov/32311318. Full-text:
https://doi.org/10.1016/S0140-6736(20)30920-X

Brief but nice review and several hypotheses about SARS-CoV-2 patho-
genesis. What happens during the second week - when resident macro-
phages initiating lung inflammatory responses are unable to contain the
virus after SARS-CoV-2 infection and when both innate and adaptive
immune responses are inefficient to curb the viral replication so that the
patient would recover quickly?
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Shen B, Yi X, Sun Y, et al. Proteomic and Metabolomic Characterization of COVID-19 Patient
Sera. Cell May 27, 2020. Full-text:
https://www.sciencedirect.com/science/article/pii/S0092867420306279

Molecular insights into the pathogenesis of SARS-CoV-2 infection. The
authors applied proteomic and metabolomic technologies to analyze the
proteome and metabolome of sera from COVID-19 patients and several
control groups. Pathway analyses and network enrichment analyses of
the 93 differentially expressed proteins showed that 50 of these proteins
belong to three major pathways, namely activation of the complement
system, macrophage function and platelet degranulation. It was found
that 80 significantly changed metabolites were also involved in the three
biological processes revealed in the proteomic analysis.

Tay MZ, Poh CM, Rénia L et al. The trinity of COVID-19: immunity, inflammation and inter-
vention. Nat Rev Immunol (2020). Full-text: https://www.nature.com/articles/s41577-020-
0311-8

Brilliant overview of the pathophysiology of SARS-CoV-2 infection. How
SARS-CoV-2 interacts with the immune system, how dysfunctional im-
mune responses contribute to disease progression and how they could be
treated.

Vabret N, Britton GJ, Gruber C, et al. Inmunology of COVID-19: current state of the science.
Immunity 2020, May 05. Full-text: https://www.cell.com/immunity/fulltext/S1074-
7613(20)30183-7
Fantastic review on the current knowledge of innate and adaptive im-
mune responses elicited by SARS-CoV-2 infection and the immunological

pathways that likely contribute to disease severity and death.

Other key papers

Monto AS, DeJonge P, Callear AP, et al. Coronavirus occurrence and transmission over 8 years
in the HIVE cohort of households in Michigan. J Infect Dis. 2020 Apr 4. PubMed:
https://pubmed.gov/32246136. Full-text: https://doi.org/10.1093/infdis/jiaa161

It’s not clear whether SARS-CoV-2 behaves like other human corona-
viruses (hCoVs). A longitudinal surveillance cohort study of children and
their households from Michigan found that hCoV infections were sharply
seasonal, showing a peak for different hCoV types (229E, HKU1, NL63,
0C43) in February. Over 8 years, almost no hCoV infections occurred af-
ter March.

Thao TTN, Labroussaa F, Ebert N, et al. Rapid reconstruction of SARS-CoV-2 using a synthetic
genomics platform. Nature. 2020 May 4. PubMed: https://pubmed.gov/32365353. Full-
text: https://doi.org/10.1038/541586-020-2294-9

An important technical advance, enabling the rapid generation and func-
tional characterization of evolving RNA virus variants. The authors show
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the functionality of a yeast-based synthetic genomics platform to genet-
ically reconstruct diverse RNA viruses (which are cumbersome to clone
and manipulate due to size and instability). They were able to engineer
and resurrect chemically-synthetized clones of SARS-CoV-2 only a week
after receipt of the synthetic DNA fragments.

Gordon DE, Hiatt J, Bouhaddou M, et al. (Total: 200 authors) Comparative host-coronavirus
protein interaction networks reveal pan-viral disease mechanisms. Science 2020, pub-
lished 15 October. Full-text: https://doi.org/10.1126/science.abe9403

A group of 200 researchers uncovers molecular processes used by coro-
naviruses MERS, SARS-CoV1 and SARS-CoV2 to manipulate host cells.
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5. Variants

Bernd Sebastian Kamps
Published 31 January

With viruses, some mutations emerge while others recede. Rarely does one or more
mutations confer a “selective advantage” to a new variant, for example enhanced
transmissibility. Such variants can then become the new dominant virus.

Introduction

Over the last two months, several new SARS-CoV-2 variants have been de-
scribed that are more transmissible, may escape both natural and vaccine-
induced immunity and could impact COVID-19 morbidity and mortality. It is
too early to assert that these variants will create a new pandemic within the
pandemic, however, in countries like England, South Africa, Brazil, Ireland,
Portugal and Israel, they may have modified the dynamic of the latest out-
breaks for the worse. More transmissible SARS-CoV-2 variants will replace
older variants - everywhere! Countries where the prevalence of these new
variants is still low should anticipate rapid spread within the next weeks and
months and plan ahead accordingly, ie closing/restricting borders, etc.

The current trio infernale:

e B117 (first described in England; Rambaut 2020)

e B1351 (first described in South Africa; Tegally 2020)

e P1 (first described in Brazil; Faria 2021)
Of note, although these variants evolved independently in different places
around the globe, they share key mutations which are involved in receptor
binding. This viral evolution is a normal process known from seasonal coro-
naviruses (Wong AHM 2017, Eguia 2020, Kistler 2020) and has recently been
reproduced in vitro (Zahradnik 2020). Convergent evolution suggests that un-
der the pressure of an increasing number people having developed antibodies
against SARS-CoV-2, the virus is developing a more perfect configuration. The
new variants represent now (31 January):

e The vast majority of newly isolated strains in England (B117), South

Africa (B1351), Amazonia (P1; Fiocruz 20210129)
e More than half of newly isolated strains in Ireland
e Asmany as half of newly isolated strains in Portugal and Israel (B117)
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The variant mutations may affect the COVID-19 pandemic in multiple ways:
e Increased transmissibility
e Increased severity of illness
e Diminished protection from previous SARS-CoV-2 infection
e Diminished response to vaccines

e Diminished response to monoclonal antibodies

A 30% to 40% higher mortality after infection with B117 has recently been
described (Horby 2021); however, these are preliminary data that need to be
confirmed. In any case, a higher rate of transmission will lead to more COVID-
19 cases, increase the number of persons who need clinical care, exacerbate
the burden on an already strained health care system, and finally result in
more deaths (Galloway 2020). The increased transmissibility of new variants
may therefore require an even more rigorous implementation of vaccination
and mitigation measures (e.g., distancing, masking, and hand hygiene) to con-
trol the spread of SARS-CoV-2. These measures will be more effective if they
are instituted sooner rather.

Epidemiology

Figure 1 shows the daily new confirmed COVID-19 cases in selected European
countries. The increased transmissibility of B117 has led to an increased
number of infections in several countries, which in turn has led to higher
hospitalisation and death rates. Find more information about B117 on page
185.

At the end of January 2021, most countries had incomplete information on
the true percentage of people infected with the new variants as only very few
samples had been sequenced. The new variants, in particular B117, are ex-
pected to expand over the coming weeks and months. Figure 2 presents an
overview of information on B117, B1351 and P1. For detailed epidemiological
information on laboratory-confirmed cases in Europe, find the weekly ECDC
COVID-19 surveillance report (https://covid19-surveillance-
report.ecdc.europa.eu) and the weekly country overview (https://covid19-
country-overviews.ecdc.europa.eu).
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Figure 1. 31 January: Portugal, Spain, United Kingdom, France, Ireland, Italy, Germany.
Daily new confirmed COVID-19 cases per million people (rolling 7-day average). Source:
Our World in Data — Johns Hopkins University CSSE COVID-19 Data.
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Figure 2. Mutation of SARS-CoV-2. VOC 202012/01: B117 — 501Y.V2: B1351. Source and
copyright: ECDC Infographics, 21 January.
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United Kingdom

In the UK, the first case of the B117 variant (ie, 20B/501Y.V1 or VOC
202012/01) was retrospectively dated to 20 September. In Kent, a county in
South East England, cases continued to increase during a lockdown in No-
vember, despite having the same restrictions as other regions. When, on
2 December, England lifted its lockdown, the proportion in England of B117
continued to increase sharply in Kent and then rapidly in Greater London and
other parts of the southeast (Kirby 2021), rising to over 70% at the beginning
of January 2021. Areas with the highest B117 incidence coincided with areas
now reporting high levels of patient hospitalisation (Gravagnuolo 2021). In
December, the seven-day notification rate rose from 162 cases per 100.000
population at the end of week 49, to 345 for week 51 and 595 for week 53 of
2020 (corresponding to a 3,7-fold increase in week 53 compared to week 49
2020; see Figure 3) (ECDC 20210121).

Marker Region
Size Colour
1 1

O 138

2182
8 2182

Ki

Ireland

Figure 3. Distribution of VOC 202012/01 cases confirmed by sequencing,
UK, 1 September 2020 to 9 January 2021. Source and copyright: European
Centers for Disease Control, Stockholm (ECDC 20210121)
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The good news from the UK: lockdowns are efficient against the SARS-CoV-2
variant too. After a peak of the rolling 7-day average on 9 January, the num-
bers started decreasing (Figure 4).
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Figure 4. United Kingdom, 31 January. Lockdowns are efficient against B117. After a peak
of the rolling 7-day average on 10 January, the number of daily new confirmed SARS-CoV-2
cases decreased rapidly. Source: Our World in Data — Johns Hopkins University CSSE
COVID-19 Data.
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Figure 5. South Africa, 31 January. Lockdowns are efficient against B1351. After a peak of
the rolling 7-day average on 11 January, the number of daily new confirmed SARS-CoV-2
cases decreased rapidly. Source: Our World in Data — Johns Hopkins University CSSE
COVID-19 Data.

COVID Reference ENG 006


https://ourworldindata.org/coronavirus-data-explorer?time=2020-10-15..latest&country=GBR~ISR~IRL~PRT~ITA~DEU~FRA~ESP&region=World&casesMetric=true&interval=smoothed&perCapita=true&smoothing=7&pickerMetric=location&pickerSort=asc
https://ourworldindata.org/coronavirus-data-explorer?time=2020-10-15..latest&country=GBR~ISR~IRL~PRT~ITA~DEU~FRA~ESP&region=World&casesMetric=true&interval=smoothed&perCapita=true&smoothing=7&pickerMetric=location&pickerSort=asc

176 | CovidReference.com

In South Africa, B1351 (also called 501Y.V2) was first detected in early Octo-
ber 2020 and is now the most prevalent variant in the country. Like B117, it
has an increased transmissibility. As of 31 January, B1351 has been identified
in more than two dozen countries. One cluster of this variant is currently be-
ing investigated in France. In addition to France, Israel and the UK have also
reported cases or clusters of non-travel-related B1351 cases (ECDC 20210121).
Lockdowns are efficient against B1351. After a peak of the rolling 7-day aver-
age on 11 January, the numbers decreased rapidly (Figure 5). Find more in-
formation about B1351 on page 187.

Brazil

In January 2021, the P1 variant was identified in 42% (13 out of 31) of RT-PCR
positive samples collected between 15 and 23 December in Manaus, Amazo-
nia, Brazil (Faria 2021). At the time, Manaus was experiencing an upsurge in
COVID-19 cases. P1 has 10 mutations in the spike protein (Faria 2021) and
some, including N501Y and E484K, have been reported in B117 and B1351, the
variants first detected in the UK and South Africa. Find more information
about P1 and on the situation in Manaus in January 2021 on page 190.

Israel

At the end of January, due to a swift start of vaccination targeted toward old-
er ages, a majority of people over 60 were fully vaccinated by the end of Janu-
ary. As a result, 75% of all recent new infections have occurred in people
younger than 30 years. B117 represents now around 40% of all new infections.
It may have been partly responsible for a late decline in the number of new
cases (Figure 6, red line) and deaths (black line) after the 27 December lock-
down.
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Figure 6. SARS-CoV-2 cases in Israel. 31 January 2021. Impact of mass vaccination on the
pandemic. The rolling 7-day average of new SARS-CoV-2 cases is shown in red circles (left
vertical axis), the rolling 7-day average of deaths as a plain black line (right vertical axis).
The percentage of people that have received at least one vaccine dose is shown in green
squares. The percentage of people that have been fully vaccinated is shown in green-yellow
crosses. As the country entered a third lockdown on 27 December, the evolution of daily new
cases and deaths are influenced by the lockdown measures, transmissibility and the
vaccination campaign.

Ireland

In Ireland, the proportion of B117 was low as late as early December 2020 and
Ireland seemed to be a model of a “good” pandemic response. One month lat-
er, in early January, B117 accounted for 46% of samples tested (ECDC
20210121). The country of approximately 5 million inhabitants recorded
50.000 new SARS-CoV-2 cases in just one week and was the place in the world
where the virus was spreading the fastest, with 1323 new daily cases detected
per million inhabitants. The reason for the sudden resurgence is probably
linked to a combination of factors: Christmas, pubs, restaurants, relaxation
due to having done so well (less masks, less distancing) ... plus B117. Good
news also from Ireland: lockdowns are efficient against B117. After a peak of
the rolling 7-day average on 10 January, the numbers decreased rapidly.

COVID Reference ENG 006


https://www.ecdc.europa.eu/en/publications-data/covid-19-risk-assessment-spread-new-variants-concern-eueea-first-update
https://www.ecdc.europa.eu/en/publications-data/covid-19-risk-assessment-spread-new-variants-concern-eueea-first-update

178 | CovidReference.com

1200
1,000
800
600

400

Ireland

200

0
Oct 15,2020  Oct 27 Nov 16 Decé Dec 26 Jan 15 Jan 30,2021

Figure 7. Ireland, 31 January. Lockdowns are efficient against B117. After a peak of the
rolling 7-day average on 10 January, the number of daily new confirmed SARS-CoV-2 cases
decreased rapidly. Source: Our World in Data — Johns Hopkins University CSSE COVID-19
Data.

Paris, France

According to health authorities in Paris (Assistance publique - Hbpitaux de
Paris, AP-HP), the B117 variant of SARS-CoV-2 represented 9,4% of 1080 cases
detected in fle-de-France (the Greater Paris area) between January 11 and 21
(Le Monde 20210126). Three weeks earlier, a quick survey had found a nation-
al rate of only 2,5%.

Denmark

At the end of January, while Denmark was still in lockdown and cases declin-
ing rapidly, B117 was continuing to increase in frequency. On 24 January, the
Danish COVID-19 Genome Consortium published the percentage of B117 sam-
ples of the previous 4 weeks: 2,4%, 4,0%, 7,4%, and 12,1% (DCGC 20210124).

Netherlands

In the Netherlands, random sampling of SARS-CoV-2 positive samples indi-
cated that 10% of the samples identified in week 1 of 2021 were B117 (ECDC
20210121). Amsterdam and Rotterdam are B117 hotspots.

Portugal

Portugal is currently experiencing the third wave of the pandemic, attributed
mainly to Christmas and New Year’s festivities (relaxation, less masks, less
distancing). On 12 January, the Portuguese National Health Institute (INSA,
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Instituto Nacional de Sadde Doutor Ricardo Jorge) had reported 72 B117 cases
(INSA 20210112) but according to a paper pre-published on 19 January press
report, data collected between 11 and 17 January showed a prevalence of B117
of 13%. The authors anticipate that B117 might reach up to 60% of positive
cases in early February 2021 (Borges 2021). Robust public health measures on
the horizon. In Lisbon and the Tagus Valley, B117 may already represent half
of new cases the most affected by the third wave. Of the 11.600 deaths record-
ed since the start of the pandemic, nearly 3000 have been recorded in the past
two weeks.
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Figure 8. Portugal, 31 January. Daily new confirmed SARS-CoV-2 cases. The third
pandemic wave is not yet under control. Source: Our World in Data — Johns Hopkins
University CSSE COVID-19 Data.

Transmission

The epidemiological consequences of B117, B1351, P1 and those variants to
come are currently not predictable. While it is still unclear whether and to
what extent the new variants may cause more severe illness and more deaths
(see the discussion of a very preliminary report in the paragraph Clinical Con-
sequences, page 180), it is acknowledged that they probably all have a substan-
tial transmission advantage (+ 30%?, + 50%?, + 70%?) (Davies 2020, Volz 2021,
Leung 2021). Increased transmission will lead to more SARS-CoV-2 infections
and more hospitalizations and might significantly increase the number of
deaths over the coming months. Figure 5.2 depicts a simplified scenario
showing the number of new deaths every six days from three different viral
strains, assuming each strain started from 10.000 infections. It shows how a
more infectious virus may lead to more deaths.
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Figure 9. A more infectious virus could lead to many more deaths. Simplified, hypothetical
scenario showing the number of new deaths every six days from three different virus strains,
assuming each strain started from 10.000 infections. Source: Adam Kucharski, Associate
Professor, London School of Hygiene and Tropical Medicine.

Clinical Consequences

Initially, there was no indication of increased morbidity or mortality associ-
ated with B117. An early cohort study found no statistically significant differ-
ence in hospitalisation and 28-day case fatality between cases with B117 and
wild-type comparator cases (Public Health England 20201228, Public Health
England 20210105). Then, on 21 January, the British NERVTAG (New and
Emerging Respiratory Virus Threats Advisory Group) announced preliminary
evidence of a “realistic possibility” that infection with B117 might be associ-
ated with a 30% - 40% increased risk of death compared to infection with non-
B117 viruses (Horby 2021). The increase in case fatality rate would seem to
hold across all age groups. As the same report also mentioned that there was
no evidence of an increased risk of hospitalization in individuals with B117,
we should wait for further results before concluding that the new SARS-CoV-2
variants have an impact on morbidity and mortality. There are as yet no data
on different clinical outcomes after infection with B1351 or P1.
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Immune escape

The Question of the Year 2021 is, “Will immunity - natural or vaccine induced -
be effective against evolving SARS-CoV-2 variants or will the variants be able
to escape human immunity?” In other words: will B117, B1351, P1 or other
upcoming variants be able to

e  Escape naturally acquired immunity
e  Escape vaccine induced immunity

e Escape the effect of monoclonal antibodies

Acquired immunity

There is growing evidence for a long-lived and robust T cell immunity gener-
ated after natural SARS-CoV-2 infection (Neidleman 2020). Reinfections with
phylogenetically distinct SARS-CoV-2 strains that have been reported were
usually milder than the first episode (To 2020, Gupta 2020, Van Elslande 2020,
Tillett 2021, Iwasak 2021), with only occasionally more severe disease being
reported (Larson 2020). These reports are certainly only the tip of an iceberg
of hundreds or thousands of potentially undetected reinfections worldwide;
however, today, 9 months after the first COVID-19 wave, there is no docu-
mented epidemic of reinfections, not even in countries where B117 has large-
ly replaced the previously circulating SARS-CoV-2 strains. The prospect of
reinfection with antigenically distinct variants is real but doesn’t seem thus
far a major concern.

In this reassuring context, the case of Manaus, Brazil, may need to be inter-
preted. The city of 2 million in the Amazon region saw a first pandemic wave
in spring 2020 and a second one starting at the end of the year. The second
catastrophic wave came as a surprise (see the insert on page 192) because in
September 2020, a pre-print paper reporting serological data of blood donors
from Manaus had announced “COVID-19 herd immunity in the Brazilian Am-
azon” - as much as 66% of the population of Manaus had already have been
infected with SARS-CoV-2 (Buss 2020). Three months later, the paper ap-
peared in Science with the title “Three-quarters attack rate of SARS-CoV-2 in
the Brazilian Amazon during a largely unmitigated epidemic” (Buss 2020b).
Today, the question is why can there be such a catastrophic situation in Ma-
naus at the end of January, with 400 people not finding a place in hospital and
73 people not finding an urgently needed place in intensive care units
(Leandro Resende, CNN Brasil, 29 January) if “three-quarters” of the popula-
tion had been immunized during the first first wave? Should we assume that
immunity against SARS-CoV-2 wanes after less than a year? Or, worse, that
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new variants like P1 are able to evade immunity? Or might it be suspect that
there never was a 75% attack rate in Manaus? 40 years ago we would not have
used data from blood donors to make predictions on the AIDS pandemic. Ex-
trapolating data from blood donors to the general population may be risky
even today. We should wait for more data and hope that the Lancet paper pub-
lished on 27 January (Sabino, Buss 2021) was not a semi-retraction of a Science
paper (Buss 2020b).

Vaccine-induced immunity

The three vaccines licensed in Europe and the US - Pfizer-BioNTech’s Co-
mirnaty as well as the Moderna and the Oxford-AstraZeneca vaccines - all
target the spike protein of the virus, where B117, B1351 and P1 have several
mutations. Will vaccine-induced neutralizing antibodies be effective against
these variants? They probably will, albeit to a lesser extent. Real life results
from two clinical vaccine trials - Janssen’s ENSEMBLE and Novavax’s NVX-
CoV2373 - have shown that the level of protection against moderate to severe
COVID-19 infection was lower in South Africa where B1351 has been the pre-
dominant variant of late. The Janssen vaccine candidate provided a level of
protection against moderate to severe COVID-19 infection of 57% in South
Africa and 72% in the United States (JNJ 20210129) while the Novavax product
provided a level of protection against mild & moderate-to-severe COVID-19
infection of 60% in South Africa and 89,3% in the UK (Novavax 20210128). The
Novavax trial also found that their vaccine candidate was more efficient
against the original COVID-19 strain (95,6%) than against B117 (85,6%). It is
quite possible that SARS-CoV-2 vaccines will need to be reformulated - a chal-
lenge most companies have already accepted (see Outlook, page 197). Find
more information about immune escape on page 187 (B117) and page 189
(B1351).

These real-life data were somewhat anticipated by in vitro studies. An analysis
of 579 COVID patients samples collected between March and July 2020 sug-
gested that the B117 mutation would not result in immune evasion for a large
majority of these COVID patients (Haynes 2021). An analysis of immune sera
from individuals vaccinated with the Pfizer-BioNTech vaccine (Comirnaty™)
showed that B117 seems unlikely to escape vaccine-mediated protection
(Muik 2021). The authors had investigated SARS-CoV-2-S pseudoviruses bear-
ing either the Wuhan reference strain or the B117 lineage spike protein with
sera of 16 participants in a previously reported trial with the mRNA-based
COVID-19 vaccine Comirnaty. The immune sera had equivalent neutralizing
titers to both variants.
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In vitro data for B1351 and P1 had already suggested greater concern. Both
variants harbor the E484K (“Erik”) mutation (Tegally 2020, Voloch 2020)
which seems to be the “bad boy on the block”. A recently published map of all
amino acid mutations to the SARS-CoV-2 spike receptor-binding domain
(RBD) shows that the site where mutations tend to have the largest effect on
antibody-binding and neutralization is E484 (Greaney 2020). In a study by
David H. Ho and colleagues, the serum of 12 people vaccinated with Moder-
na’s vaccine and 10 people vaccinated with the Pfizer-BioNTech vaccine was
six to nine times less potent against B1351. Serum from 20 previously infected
people was 11 to 33 times less potent (Wang P 2021). E484K accounted for
much of the effect.

Escape from monoclonal antibodies

Monoclonal antibodies are a potential treatment for SARS-CoV-2. The recep-
tor binding domain (RBD) of of the virus is the prime target of the neutraliz-
ing response during infection (Rogers 2020, Piccoli 2020, Barnes 2020, Robbi-
ani 2020) and most antibodies target this region (Piccoli 2020, Tzou 2020).
Recent studies have shown that a single amino-acid mutation can fully escape
the recently approved REGN-COV2, which consists of two antibodies targeting
distinct structural epitopes (Starr 2021). The authors also identified viral mu-
tations that are selected in a persistently infected patient treated with REGN-
COV2, as well as during in vitro viral escape selections. Earlier, there was evi-
dence that one of the spike protein mutations, E484K, might affect neutraliza-
tion by some polyclonal and monoclonal antibodies (Greaney 2020, Weisblum
2020). Now, some variants have been shown to exhibit complete escape from
relevant monoclonal antibodies (Wibmer 2021, Wu K 2021, Wang Z 2021). All
monoclonal antibodies in clinical use will have to be tested against newly
arising variants. Stiff winds ahead.

The Variants

Nomenclature

The pandemic spread of SARS-CoV-2 has resulted in the generation of tens of
thousands of viral genome sequences. Earlier there was a need for a rational
and dynamic viral nomenclature that would account for the expanding phy-
logenetic diversity of SARS-CoV-2. Such a scheme has been proposed by An-
drew Rambaut et al. and is now generally accepted (Rambaut 2020b). The new
variants first discovered in the UK, South Africa and Brazil are called B1.1.1.7,
B.1.351, and P.1, respectively (Table 1). For simplicity’s sake, they are com-
monly called B117, B1351 and P1.
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Table 1. Adapted from Eric Topol: https:/bit.ly/3tcqEsr

Commenly used name B117 B1351 P1

Where first detected UK South Africa Brazile

Official name B.1.1.7 B.1.351 P.1

Other names used in N501Y.V1 N501Y.V2 N501Y.V3

the scientific literature 20B/501Y.V1 20H/501Y.V2 VOC 202012/3
VOC 202012/1 VOC 202012/2

Mutations 23 21 17

Spike mutations 8 9 10

Key RBD, spike
mutations beyond
N501Y in all

Other mutations,
including N-terminal

Transmissibility A

Lethality A

Immune escape

Countries reported

(does not necessarily

imply local
transmission)

69/70 del, P681H,
A570D, Y144 del

T7161, S982A,
D1118H
<40% increased

Concern raised,
not resolved

Not established

70

E484K, K417N,
orflb deletion

L18F, D80A, D215G,
A242-244, R264|
Not established

Not established
Probably, extent
unclear (in vitro)

31

E484K, K417N,
orflb deletion

L18F, T20N, P26S
and others

Not established
Not established
Probably, extent
unclear (in vitro)

8

SARS-CoV-2 evolution

Viruses evolve (mutate)

e when they come under pressure or

e when they are given weeks and months to do so.

Situations of pressure include areas where an explosive epidemic infects large
proportions of the population, killing some, but making most people immune.
In these settings or in settings where most people, but not all, are immunized
through vaccination, only mutant variants that are able to spread despite
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existing post-infection immunity can sustain continuous chains of transmis-
sion.

In an entirely different situation, immunodeficient and chronically infected
individuals can be silent incubators of accelerated viral evolution. Such infec-
tions are rare, and onward transmission from them presumably even rarer,
but they are not improbable (Rambaut 2020). High rates of mutations have
been reported in immunodeficient or immunosuppressed patients who were
chronically infected with SARS-CoV-2. One paper describes the 154-day clini-
cal course of a 45-year-old man with severe antiphospholipid syndrome who
was receiving Immunosuppressants medication (Choi 2020). Of interest, ami-
no acid changes were predominantly in the spike gene and the receptor-
binding domain, which make up 13% and 2% of the viral genome, respective-
ly, but harbored 57% and 38% of the observed changes. Another report de-
scribes the history of an immunocompromised individual with chronic lym-
phocytic leukemia and acquired hypogammaglobulinemia (Avanzato 2020). In
this case, shedding of infectious SARS-CoV-2 was observed up to 70 days.

In the following, we will briefly discuss
e B117 (first detected in England)
e B1351 (first detected in South Africa)
e P1 (first detected in Brazil)

B117
History and epidemiology

On 14 December 2020, the UK reported to WHO the B117 variant (referred to
by the UK authorities as SARS-CoV-2 VOC 202012/01: Variant of Concern, year 2020,
month 12, variant 01) (WHO 20201231). This variant was first detected in Sep-
tember 2020. Phylogenetic studies carried out by the UK COVID-19 Genomics
Consortium soon showed that the new variant had an unusual accumulation
of substitutions and was growing at a large rate relative to other circulating
lineages (Volz 2021). Within weeks, B117 began to replace other viral lineages
and as early as November/December 2020, it became the dominant strain in
England. As of 20 December 2020, the regions in England with the largest
numbers of confirmed cases of the variant were London, the South East, and
the East of England (Volz 2021). From there, B117 quickly spread all over the
country & around the world (Du Z 2021). Between 30 November 2020 and 20
December 2020, 41% of 9321 UK cases that had genomic sequencing data in-
cluded were B117 (Public Health England 20210105). As of 19 January, B117
had been identified in 60 other countries (Figure 4). After the UK, the three
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non-EU/EEA countries reporting most cases were Israel, India and the United
States (ECDC 20210121) (Figure 10).

A short graphical guide to B117 has been published in the lay press by Corum
& Zimmer.

status_unknown
imported_only
local_transmission
No variant recorded

Figure 10. Map of B117 local transmission, 31 January 2021 | Colours indicate reports of
imported cases (pink) or of local transmission (darker purple). Data is obtained from news
reports and similar sources and is manually maintained. Source and copyright: PANGO
lineages, Aine O'Toole and Verity Hill, Rambaut Group, University of Edinburgh.

Virology

B117 has emerged with an unusually large number of mutations in the spike
protein (deletion 69-70, deletion 144, N501Y, A570D, D614G, P681H, T716lI,
S982A, D1118H) as well as in other genomic regions (Rambaut 2020). At the
moment of discovery, the accrual of 14 lineage-specific amino acid replace-
ments was unprecedented. Three of these mutations are of particular concern:

e Mutation N501Y is one of the six key amino acids interacting with
ACE2 receptor and experimental data suggests that it increases ACE2
receptor affinity (Starr 2020). The tyrosine substitution has been
shown to have increased binding affinity to the ACE2 receptor (Chan
2020). N501Y has been associated with increased infectivity and viru-
lence in a mouse model (Gu H 2020). [Remember: the receptor bind-
ing domain (RBD) of the SARS-CoV-2 spike protein mediates viral at-
tachment to ACE2 receptors. It is a major determinant of host range
and a dominant target of neutralizing antibodies.]

e Deletion 69-70 is one of a number of deletions observed in the N ter-
minal domain of the spike protein (McCarthy 2020, Kemp 2020) and is
associated with reduced sensitivity to neutralization by SARS-CoV-2
human convalescent serum. It also arose in the mink-associated out-
break in Denmark with the background of the Y453F RBD mutation,
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and in humans in association with the N439K RBD mutation, account-
ing for its relatively high frequency in the global genome data (~3000
sequences) (Rambaut 2020).

e  Mutation P681H is immediately adjacent to the furin cleavage site be-
tween S1 and S2 in spike. [The S1/S2 furin cleavage site of SARS-CoV-
2 is not found in other human coronaviruses and has been shown to
promote entry into respiratory epithelial cells and transmission in
animal models (Hoffmann 2020).]

Transmission

Preliminary epidemiologic, modelling, phylogenetic and clinical findings sug-
gest that B117 may be significantly more transmissible (+50% to +75%) than
previously circulating variants (Leung 2020, Volz 2021).

Clinical consequences

The British NERVTAG (New and Emerging Respiratory Virus Threats Advisory
Group) announced in January 2021 preliminary evidence that there is a “real-
istic possibility” that B117 infection might be associated with a 30% to 40%
increased risk of death compared to infection with non-B117 viruses (Horby
2021). These data need to be confirmed. See also the comment on page 180,
paragraph Clinical Consequences.

Immune escape

The Novavax trial found that their vaccine candidate was more efficient
against the original COVID-19 strain (95,6%) than against B117 (85,6%)
(Novavax 20210128). These data will now be confronted with in vitro studies
which suggest that sera from individuals who have been infected with non-
B117 lineages show neutralising activity against B117 virus, and vice versa
(Public Health England 20210115). A small study investigating 16 participants
who had received the Pfizer-BioNTech vaccine Comirnaty showed that the
immune sera had equivalent neutralizing titers to both the B117 variant and
the previous Wuhan reference strain. The authors concluded - maybe prema-
turely - that these data, together with the combined immunity involving hu-
moral and cellular effectors induced by this vaccine, would make it unlikely
that the B117 lineage will escape Comirnaty-mediated protection (Muik 2021).

B1351
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History and epidemiology

On 18 December, national authorities in South Africa announced the detec-
tion of a new SARS-CoV-2 variant. The earliest detection had been traced back
to October 2020 (South African Government 20201218). It emerged in a se-
verely affected metropolitan area, Nelson Mandela Bay, located on the coast
of the Eastern Cape Province. B1351 rapidly spread and largely replaced other
SARS-CoV-2 viruses circulating in the Eastern Cape, Western Cape, and Kwa-
Zulu-Natal provinces. Within weeks it became the dominant lineage in the
Eastern Cape and Western Cape Provinces (Tegally 2020, WHO 20201231).
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Figure 11. Map of B1351 local transmission, 31 January 2021 | Colours indicate reports of
imported cases (pink) or of local transmission (darker purple). Data is obtained from news
reports and similar sources and is manually maintained. Source and copyright: PANGO
lineages, Aine O'Toole and Verity Hill, Rambaut Group, University of Edinburgh.

As of 19 January 2021, the number of B1351 cases reported outside South Afri-
ca was increasing. Most of the other B1351 cases detected in the European
Union are travel-related, even though not all are from South Africa. Several
B1351 clusters have been found in several French regions, with cases belong-
ing to a number of households, including children attending schools. Of 29
cases identified, only five were travel-associated (returning from Mozam-
bique) (ECDC 20210121) (Figure 11).

Virology

The first description of the B1351 lineage found 8 mutations within two im-
munodominant domains of the spike protein: one cluster in the N-terminal
domain (NTD) that includes four substitutions and a deletion (L18F, D80A,
D215G, A242-244, and R246]), and another cluster of substitutions including
three at important residues in the receptor-binding domain (K417N, E484K
and N501Y) (Tegally 2020). Unlike the B117 lineage detected in the UK, B1351
does not contain the deletion at 69/70.
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Transmission

While the full significance of the B1351 mutations described above is not yet
clear, the genomic and epidemiological data suggest that this lineage may be
associated with increased transmissibility (Tegally 2020). A mathematical
model has estimated that B1351 could be 50% more transmissible than previ-
ously circulating variants in South Africa (Pearson 2021).

Clinical consequences

At this stage, there is no clear evidence to suggest that B1351 has any impact
on disease severity. A more precise picture will evolve over the next few
months.

Immune escape

Preliminary data of a clinical trial on Novavax’s protein-based COVID-19 vac-
cine candidate NVX-CoV2373 suggest reduced vaccine efficacy against B1351.
In the South Africa trial that enrolled over 4400 patients, efficacy was 60%
(95% CI: 19,9 - 80,1) for the prevention of mild, moderate and severe COVID-
19 disease. That was significantly lower than the 89,3% efficacy found in an
analogous trial in the UK (Novavax 20210128). In South Africa, 29 cases were
observed in the placebo group and 15 in the vaccine group. During the study
period, B1351 was widely circulating in South Africa. Preliminary sequencing
data for 27 of 44 COVID-19 events showed that 92,6% (25 out of 27 cases) were
B1351 (Novavax 20210128). Equally preliminary data of Janssen’s clinical EN-
SEMBLE trial inform that efficacy of Ad26.COV2.S (Mercado 2020) was 57% in
South Africa (which has B1351), 66% in Latin America and 72% in the United
States (JNJ 20210129). The excellent news is that this one-shot vaccine candi-
date has efficacy against the variants present in Latin America and South Af-
rica. Of note, Ad26.COV2.S demonstrated complete protection against COVID-
19 related hospitalization (no ICU admission, mechanical ventilation, or ex-
tracorporeal membrane oxygenation (ECMO)) or death as of day 28 after vac-
cination.

These real-life data will now be confronted with in vitro studies of people aged
18-55 years who had received two 100 pg doses of mRNA-1273 vaccine which
showed there was a 6-fold reduction in neutralizing titers against B1351 rela-
tive to prior variants. As these neutralizing titers remained above those pre-
viously found to be protective in non-human primate challenge studies, the
producer of mRNA-1273 was confident that they would remain above levels
that are expected to be protective (Moderna 20210125).

Recent research results might be less encouraging for monoclonal antibodies.
B1351 has been shown to exhibit complete escape from three classes of ther-
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apeutically relevant monoclonal antibodies (Wibmer 2021). In another study,
after examining the neutralizing effect of convalescent plasma collected from
six adults hospitalized with COVID-19, Tulio de Oliveira, Alex Sigal and col-
leagues found that mutations in B1351 caused the virus to lose much of its
sensitivity to antibodies, with 1C50 6 to 200-fold higher relative to first-wave
virus (Cele 2021). Finally, a study by David H. Ho and colleagues found that
the serum of 12 people vaccinated with Moderna’s vaccine and 10 people vac-
cinated with the Pfizer-BioNTech vaccine was six to nine times less potent
against B1351. Serum from 20 previously infected people was 11 to 33 times
less potent (Wang P 2021). E484K accounted for much of the effect.

P1

History and epidemiology

On January 6, 2021, the National Institute of Infectious Diseases (NIID) of Ja-
pan detected a new variant isolate of SARS-CoV-2 in isolates collected at air-
port screening from four travelers who arrived in Tokyo from Amazonas,
Brazil, on January 2, 2021 at airport screening. The isolate had some muta-
tions found in previously reported variant isolates of concern from the UK
and South Africa (NIID 20210112). The new variant isolate had 12 mutations in
the spike protein, including N501Y and E484K.
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Figure 12. Map of B117 local transmission, 31 January 2021 | Colours indicate reports of
imported cases (pink) or of local transmission (darker purple). Data is obtained from news
reports and similar sources and is manually maintained. Source and copyright: PANGO
lineages, Aine O'Toole and Verity Hill, Rambaut Group, University of Edinburgh.

A few days later, on 12 January 2021, a pre-print article described a variant
detected in Manaus, Brazil, identical to the one detected in Japan (Faria 2021).
The new variant, P1, was identified in 42% (13 out of 31) of RT-PCR positive
samples collected between 15 and 23 December in Manaus (Faria 2021). At the
time, Manaus was experiencing an upsurge in COVID-19 cases.
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Virology

The new P1 lineage carries 17 unique amino acid changes, 3 deletions, and 4
synonymous mutations, and one 4nt insertion compared to the most closely
related available non-P1 sequence (EPI_ISL_722052) (Faria 2021). P1 has 11
amino acid changes in the spike protein compared to its ancestral lineage
B.1.1.28 (L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, Hé55Y,
T10271, and V1176F). Some mutations, such as E484K, N501Y and K417T,
might influence antibody and vaccine efficacy. The variant is not closely re-
lated to B117 or B1351.

The P1 lineage and B117 (first described in the UK - Rambaut 2020) share the
spike N501Y mutation and a deletion in ORF1b (del11288-11296, 3675-3677
SGF). P1 and B1351 (first described in South Africa - Tegally 2020) share three
mutation positions in common in the spike protein (K417N/T, E484K, N501Y)
(Faria 2021). Both the P1 and the B1351 lineage also have the orfib deletion
del11288-11296 (3675-3677 SGF) (Faria 2021).

Transmission

Manaus, the largest city in the Amazon region, has seen a dramatic surge in
SARS-CoV-2 infettions since mid-December. As this coincides with a report of
more than 40% RT-PCR positive P1 samples collected between 15 and 23 De-
cember (Faria 2021), it is tempting to assume that the new variant has led to
an increase in transmissibility of the virus. A previous pre-print paper claim-
ing ‘herd immunity-like’ infection rates in September should be interpreted
with caution (see the paragraph Acquired immunity, page 181).

Clinical consequences

At this stage, there is no clear evidence to suggest that P1 has any impact on
disease severity. A more precise picture will evolve within the next months.

Immune escape

As yet it is unclear if the mutation in the P1 variant affects the ability of anti-
bodies generated through a previous natural infection or through vaccination
to recognize and neutralize the virus. In particular the presence of the muta-
tion E484K could indicate a reduction in antibody neutralization (Greaney
2021, Greaney 2021b, Andreano 2020).
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Manaus 2021
See also the paragraph Acquired immunity, page 181.

Galarraga Gortazar N, Schmidt S. La pesadilla de morir asfixiado en los hospitales de la
Amazonia. El Pafs 2021, published 24 January. Full-text: https://elpais.com/sociedad/2021-
01-23/la-pesadilla-de-morir-asfixiado-en-los-hospitales-de-la-amazonia.html

Mas de medio centenar de enfermos mueren sin aire en Manaos, mientras prolifera un mer-
cado paralelo de oxigeno. Es un nuevo y terrible capitulo de la caética gestién de la pandemia
en el Brasil de Bolsonaro.

Brum E. Un estudio sostiene que Bolsonaro lideré una “estrategia institucional de pro-
pagacién del virus”. El Pais 2021, published 23 January. Full-text:
https://elpais.com/sociedad/2021-01-23/un-estudio-revela-que-bolsonaro-lidero-una-
estrategia-institucional-de-propagacion-del-virus.html

Tras examinar 3.049 normas federales creadas en 2020, la Facultad de Salud Publica de la
Universidad de Sdo Paulo y la ONG Conectas Derechos Humanos analizan por qué Brasil su-
pera las 212.000 muertes por covid-19.

Sampedro J. Vuelve Manaos. El Pais 2021, published 18 January. Full-text:
https://elpais.com/ciencia/2021-01-18/vuelve-manaos.html

La primera ciudad que alcanz§ la inmunidad de rebafio sufre de nuevo un aumento de casos.

Galarraga Gortazar N. Miles de brasilefios siguen la decisién final sobre la vacuna en
directo por YouTube. El Pafs 2021, published 18 January. Full-text:
https://elpais.com/sociedad/2021-01-17/miles-de-brasilenos-siguen-la-decision-final-sobre-
la-vacuna-en-directo-por-youtube.html

Una enfermera negra recibe en Sdo Paulo la primera dosis de inmunizante minutos después
de que las dos inyecciones candidatas fueran aprobadas.

Schimidt S. Los hospitales de Manaos se quedan sin oxigeno en un segundo colapso sani-
tario por la pandemia. El Pais 2021, published 15 January. Full-text:
https://elpais.com/sociedad/2021-01-15/los-hospitales-de-manaos-se-quedan-sin-oxigeno-
en-un-segundo-colapso-hospitalario-de-la-pandemia.html

El Gobierno de Bolsonaro y el de Amazonas, que minimizaron la emergencia en Brasil, corren
contra reloj para trasladar pacientes a otros Estados y conseguir importar el insumo.

Jucd B, Galindo J. Brasil llega a 200.000 muertes por coronavirus sin una estrategia clara
de vacunacién. El Pais 2021, published 8  January. Full-text:
https://elpais.com/sociedad/2021-01-08/brasil-llega-a-200000-muertes-por-coronavirus-sin-
una-estrategia-clara-de-vacunacion.html

Los picos de contagios son mds moderados que en el inicio de la crisis, pero la pandemia se ha
extendido por todo el territorio.
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Galarraga Gortazar N. La falta de jeringuillas amenaza la vacunacién contra la covid en
Brasil. El Pafs 2021, published 4 January. Full-text: https://elpais.com/sociedad/2021-01-
03/la-falta-de-jeringuillas-amenaza-la-vacunacion-contra-la-covid-en-brasil.html

Este pais, considerado un modelo en inmunizacién, no ha aprobado ain ninguna vacuna pese
a sus casi 200.000 muertos por coronavirus.

Galarraga Gortdzar N. Jair Bolsonaro celebra como un triunfo la suspensién del ensayo de
la vacuna china. El Pafs 2020, published 10 November. Full-text:
https://elpais.com/internacional/2020-11-10/jair-bolsonaro-celebra-como-un-triunfo-la-
suspension-del-ensayo-de-la-vacuna-china.html

El presidente de Brasil usa el asunto para redoblar su ofensiva contra el firmaco que promue-
ve su rival Jodo Doria, gobernador de S&o Paulo.

Galarraga Gortazar N. La cadtica gestion lastra la batalla contra el virus en Brasil. El Pais
2020, published 19 May. Full-text: https://elpais.com/sociedad/2020-05-18/la-caotica-
gestion-lastra-la-batalla-contra-el-virus-en-brasil.html

El boicoteo de Bolsonaro a las cuarentenas y la dimisién de dos ministros de Salud marca la
respuesta a la pandemia en el tercer pafs con mds casos y el sexto con mds muertos.

Goulart J. Una médica de urgencias en uno de los epicentros de la pandemia en Brasil:
“La gente muere sola, sola, sola.” El Pafs 2020, published 3 May. Full-text:
https://elpais.com/sociedad/2020-05-02/una-medica-de-urgencias-en-uno-de-los-
epicentros-de-la-pandemia-en-brasil-la-gente-muere-sola-sola-sola.html

La doctora Uildéia Galvao relata desde Manaos las dificiles condiciones de trabajo y el colapso
del sistema. Los profesionales no cobran desde febrero

Galarraga Gortdzar N, Torrado S, Fowks J. Los indigenas de la Amazonia lanzan un SOS
para reclamar proteccién ante la pandemia. El Pais 2020, published 6 May. Full-text:
https://elpais.com/internacional/2020-05-06/los-indigenas-de-la-amazonia-lanzan-un-sos-
para-reclamar-proteccion-ante-la-pandemia.html

Las primeras muertes y el avance de los contagios activan las alarmas en la frontera que com-
parten Brasil, Colombia y Perd.

CAL.20C

In California, the proportion of SARS-CoV-2 cases associated with this variant
rose from 3,8% to 25% between mid-November and late December. By then,
CAL.20C accounted for 24% of samples in one study, and 36,4% (66/181) of
samples in a local Los Angeles cohort (Zhang W 2021). The emerging predom-
inance of this strain is temporally related to the time of onset of the current
spike in SARS-CoV-2 infections in Southern California. CAL.20C is defined by
mutations in the S protein (L452R, S131, W152C) and in the ORF1a (14205V)
and ORF1b protein (D1183Y).
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Mutations

Do you know “what mutations define a variant, what impact they might have
(with links to papers and resources), and where variants are found”? If you
don’t, the excellent web site https://covariants.org, by Emma Hodcroft et al.,
will provide you a primer (Figure 13). Note that the indicated values may be
biased. For example, for the week of 2021-01-11, CoVariants indicated 63% of
N511Y variant in France while the government estimates it at around 10%.
The reason: many countries are preferentially sequencing samples that are
suspected to belong to the infernale trio B177, B1351 and P1.
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Figure 13. Overview of variants in countries. Insert: France, 11 January. The graphs show
for each country, the proportion of total number of sequences (not cases), over time, that
fall into defined variant groups. Source and copyright: CoVariants.org, by Emma Hodcroft et
al.

In the coming revision of this chapter, we will give you a detailed overview of
the most important mutations:

e N501Y (“Kelly”)
e  E484K (“Eric”)

e  K417T (“Knut”)
e  N439K (“Nick”)
e E406W (“Ewen”)
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e P618H (“Paho”)
e S477N (“Sean”)
e D614G (“Deng”)

Prevention and Care

In the coming months, the new SARS-CoV-2 variants will confront many
countries with a novel wave of viral spread. Once a more contagious variant
has established itself, stabilizing the number of new infections will become
increasingly difficult (Priesemann 2021), leading to a spiral of increasing
number of infections, hospitalisations and deaths. The increased transmissi-
bility of SARS-CoV-2 variants has far-reaching public health consequences.
Non-pharmaceutical interventions (NPIs = everything from mask wearing to
lockdowns) which were sufficient to control previous SARS-CoV-2 lineages
may need to be reinforced to control B117, B1351 and P1. Fortunately, as
shown in the Epidemiology section above (page 172), hard lockdowns, includ-
ing closing of primary schools, secondary schools, and universities (Davies
2020) are effective against new variants.

Since the population groups driving transmission will not be targeted with
vaccination for some months, ECDC recommends that Member States should
to be very cautious about relaxing currently enacted NPIs. Non-essential
travel should be avoided. Vaccination should focus on protecting those most
at risk from severe disease. Find an overview of Options for response in ECDC’s
Rapid Risk Assessment (ECDC 20210121, page 15), in particular

e Surveillance, testing and detection of the emering variants

e Non-pharmaceutical interventions

Community measures

Shielding medically and socially vulnerable populations
Considerations for school settings

Contact tracing for emerging variants

O O O O

Measures for travellers
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e Vaccination
O Availability of COVID-19 vaccines

0 Monitoring breakthrough infections following vaccination,
adjustment of vaccination schedules and possible update of
vaccine contents due to SARS-CoV-2 variants in circulation

0 Accelerating vaccination campaigns
0 Vaccine effectiveness studies

e Hospital and healthcare preparedness

These recommendations translate into 9 commandments: “Whenever possi-

ble:

Stay home, if you can

Avoid gatherings, both inside and outside your household
Avoid enclosed spaces

Wear a mask, do not sing or shout!

Keep a distance - 2 meters!

Ventilate whenever you can

Wash hands

Disinfect hightouch surfaces (maybe less important?)

¥ ® N o8N

Get vaccinated as soon as available!”

Or, according to the more joyful words of UN Women: “The pandemic is hard
- spread joy:

e Buy someone flowers

e Call aloved one

e Deliver groceries to your neighbour
e  Write a greeting card

e Motivate a friend who needs a boost
e  Virtually tutor a student

e  Make face masks to give away”
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Outlook

In a few months, we will know whether B117, B1351 and P1 will
e Change the clinical presentation of COVID-19 and mortality
o Affect the few existing treatment option (corticosteroids, etc.)
e Increase the number of reinfections
e  Affect the immune response to vaccines

e  Affect the therapeutical benefit from monoclonal antibodies

Fortunately, global genomic surveillance and rapid open-source sharing of
viral genome sequences have facilitated near real-time detection, compari-
son, and tracking of evolving SARS-CoV-2 variants that can inform public
health efforts to control the pandemic (Galloway 2020).

Vaccine producers are already at work. Pfizer-BioNTech and Moderna are
modifying their vaccine for emerging variant booster candidates. They will
test an additional (third) vaccine booster dose to study if neutralizing titers
against emerging variants can be increased. All companies have started talks
with regulators to know what types of clinical trials and safety reviews would
be required to authorize new versions of already approved vaccines. Over
time, it is possible that, as with seasonal influenza, these adaptive changes in
antigenic regions of the virus would give rise to continual reformulation of
existing vaccines (Kistler 2020).

We expected 2021 to the year of the SARS-CoV-2 vaccine. We didn’t expect it
to be the year of a race between the virus and SARS-CoV-2 vaccines. Vaccines
- and science - will ultimately prevail, but for the coming months, the race
will stay close.
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6. Vaccines

Thomas Kamradt

Bernd Sebastian Kamps

Summary

As of 8 January, three vaccines had been approved in Europe and in the US:
tozinameran (Comirnaty™) by BioNTech/Pfizer (formerly known as
BNT162b2), mRNA-1273 by Moderna and ChAdOx1 nCoV-19 by University of
Oxford/AstraZeneca. Adverse events such as pain at injection site, fatigue,
headache, myalgia and fever were common, but serious adverse events were
rare. All three vaccines seem to have a favorable safety profile.

Three other vaccine candidates have been approved (not by FDA or EMA) alt-
hough data are incomplete or have not yet been published:

e China: BBIBP-CorV (30 December), Sinopharm and the Beijing Institute of
Biological Products

e India: Covaxin (3 January), Bharat Biotech
e Russia: Sputnik-V (28 December), Gamaleya Research Institute

In early January 2021, 63 vaccine candidates were in clinical development
against SARS-CoV-2 and 172 in pre-clinical development.- The World Health
Organization (WHO) maintains a twice-weekly updated working document
that includes most vaccines in development
(https://www.who.int/publications/m/item/draft-landscape-of-covid-19-
candidate-vaccines; accessed 8 January). SARS-CoV-2 vaccine development is
a dynamic field (Slaoui 2020, Heaton 2020) which is inaugurating a new future
of vaccine science (Ball 2020).

On 8 January 2021, almost 20 million people had received a SARS-CoV-2 vac-
cine, mostly in the US, China, Israel, England, the United Arab Emirates, and
Russia (OurWorldInData.org). In most countries, an effect of mass vaccination
in changing the pandemic is not expected to be measurable before the sum-
mer.

Approved SARS-CoV-2 vaccines - An overview

In the preface to our November edition, we predicted that “massive nation-
wide vaccine campaigns would not be available until well into 2021 and that
massive global vaccine campaigns were unlikely to have a more than margin-
al impact on the SARS-CoV-2 pandemic before 2022, if ever.” We were wrong.
As of 8 January, three vaccines have been approved in Europe and the US: see

COVID Reference ENG 006


https://www.linkedin.com/in/thomas-kamradt-93816ba5/
http://www.bsk1.com/
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://doi.org/10.1056/NEJMp2027405
https://doi.org/10.1056/NEJMe2025111
https://www.nature.com/articles/d41586-020-03626-1
https://ourworldindata.org/covid-vaccinations

208 | CovidReference.com

above. In Phase 111 trials, tozinameran and mRNA-1273 had an efficacy of over
94% while ChAdOx1 nCoV-19 had an efficacy of 62-90%. The vaccines are be
given in two doses three (nRNA-1273), four (tozinameran) or up to 12 weeks
apart (ChAdOx1). Vaccinees will be protected from SARS-CoV-2 infection
from about 7 days after the second injection; some protection, especially
against severe COVID-19, is provided by the first injection.

Table 1. SARS-CoV-2 vaccines approved in Europe (EMA) and the US
(FDA)

Vaccine Trial Storage  Administration References
Manufacturer Efficacy

Tozinameran 95% -70°C 2 injections Polack 2020
(formerly: BNT162b2) 3 weeks apart Mulligan 2020
Comirnaty™ FDA EUA

FDA briefing doc

BioNTech & Pfizer Sponsor briefing doc

Recommendation
for use
MRNA-1273 94% -20°C 2 injections Polack 2020
NN, ™ 4 weeks apart Jackson 2020
Moderna FDAEUA

FDA briefing doc
Sponsor briefing doc

Recommendation
for use

ChAdOx1 nCoV-19 62-90% 2-8°C 2 injectionsupto Voysey 2020

(formerly: AZD1222) (fridge) 12 weeks apart Folegatti 2020
N.N.™ MHRA Decision
Oxford University

& AstraZeneca

All three vaccines seem to have a favorable safety profile (see below). Alt-
hough local or systemic side effects are frequent - mostly pain at injection
site, fatigue, headache, muscle pain, joint pain, and sometimes fever during
the first 24 to 48 hours after vaccination (Folegatti 2020, Voysey 2020, Jackson
2020, Mulligan 2020, Polack 2020, Baden 2020) - more severe side effects have
been in the single-digit range. As a general rule, side effects appear to be
more common after the second dose, and younger adults experience more

Kamps - Hoffmann


https://covidreference.com/
http://www.bsk1.com/
https://www.researchgate.net/profile/Christian_Hoffmann8
https://www.researchgate.net/profile/Christian_Hoffmann8
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1038/s41586-020-2639-4
http://bit.ly/3hoenvg
https://www.fda.gov/media/144245/download
https://www.fda.gov/media/144246/download
http://dx.doi.org/10.15585/mmwr.mm6950e2
http://dx.doi.org/10.15585/mmwr.mm6950e2
https://doi.org/10.1056/NEJMoa2034577
https://www.doi.org/10.1056/NEJMoa2022483
https://www.fda.gov/emergency-preparedness-and-response/coronavirus-disease-2019-covid-19/moderna-covid-19-vaccine
https://www.fda.gov/media/144434/download
https://www.fda.gov/media/144452/download
https://www.cdc.gov/mmwr/volumes/69/wr/mm695152e1.htm
https://www.cdc.gov/mmwr/volumes/69/wr/mm695152e1.htm
https://doi.org/10.1016/S0140-6736(20)32661-1
https://doi.org/10.1016/S0140-6736(20)31604-4
https://www.gov.uk/government/publications/regulatory-approval-of-covid-19-vaccine-astrazeneca/conditions-of-authorisation-for-covid-19-vaccine-astrazeneca
https://doi.org/10.1016/S0140-6736(20)31604-4
https://doi.org/10.1016/S0140-6736(20)32661-1
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.1056/NEJMoa2022483
https://doi.org/10.1038/s41586-020-2639-4
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2035389

Vaccines | 209

side effects than older adults. Importantly, serious’ side effects were equally
rare in people who received the vaccine and those who received placebo
(Polack 2020, Baden 2020). Cases of anaphylaxis are very rare and may occur
in 1 of 100,000 vaccine recipients (see next paragraph). Vaccine recipients
should be informed that side effects generally do not signal that the vaccine
is unsafe but, on the contrary, that the immune system is mounting a defense
response against future exposure to SARS-CoV-2. We will learn to accept fever
and aches as signs that the vaccine works, in rare cases even bone, muscle
aches and fever that might last 12 hours (Wadman 2020). Mild side effects?
Not really side effects. Vaccine at work!

On December 8, 2020, within 24 hours after the start of the UK vaccination
program, the program reported probable cases of anaphylaxis in two women
in their forties, who had known food and drug allergies and were carrying
auto-injectable epinephrine (Castells 2020). One week later, a 32-year-old fe-
male health care worker in Alaska who had no known allergies presented
with an anaphylactic reaction within 10 minutes after receiving the first dose
of the vaccine. Since then, several more cases of anaphylaxis associated with
the Pfizer mRNA vaccine have been reported after vaccination of almost 2
million health care workers, and the incidence of anaphylaxis associated with
the Pfizer SARS-CoV-2 mRNA vaccine appears to be approximately 10 times as
high as the incidence reported with all previous vaccines, at approximately 1
in 100,000, as compared to 1 in 1,000,000 (Castells 2020). The CDC recom-
mends that appropriate medical treatment for severe allergic reactions be
immediately available in the event that an acute anaphylactic reaction occurs
following administration of an mRNA COVID-19 vaccine (CDC 20201231,
CDC20210106). In particular, persons without contraindications to vaccina-
tion who receive an mRNA COVID-19 vaccine should be observed after vac-
cination for the following time periods:

* Serious adverse events are defined as requiring hospitalization, deemed life-
threatening, or resulting in persistent or significant disability/incapacity,
another medically important condition, or death. The terms serious and se-
vere are NOT synonymous. The general term severe is often used to describe
the intensity (severity) of a specific event; the event itself, however, may be
of relatively minor medical significance (such as a Grade 3 headache). This is
NOT the same as serious, which is based on patient/event outcome and is
usually associated with events that pose a threat to a patient’s life or ability
to function. A severe AE (Grade 3 or 4) is not necessarily serious.
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e 30 minutes: Persons with a history of an immediate allergic reaction
of any severity to a vaccine or injectable therapy and persons with a
history of anaphylaxis due to any cause.

e 15 minutes: All other persons

Find detailed information about tozinameran, mRNA-1273 and ChAdOx1
nCOV-19 on page 215.

Dosing schedule

As mentioned above, the vaccines should be given in two doses three (nRNA-
1273), four (tozinameran) or up to 12 weeks apart (ChAdOx1). In the current
situation of scarce vaccine supply, the UK Joint Committee on Vaccination
and Immunisation (JCVI) now recommends that vaccinating more people with
the first dose of both the Oxford/AstraZeneca and the BioNTech/Pfizer vac-
cine should be prioritized above offering others their second dose (JCVI 2020),
as this would provide the greatest public health benefits in the short term
and save more lives. For the BioNTech/Pfizer vaccine, the second vaccine
dose could be offered between 3 to 12 weeks after the first dose. For the Uni-
versity of Oxford/AstraZeneca vaccine, the second dose could be offered 4 to
12 weeks after the first dose. The UK has also just opened the way to offering
a vaccine “mix” (first injection of a first vaccine, the second of another) in
cases where the second dose of the same vaccine is not available at a vaccina-
tion center for one person. Similar recommendations of a maximum of 41
days between the first and the second dose have been issued in Germany.

Distribution

Access to a safe vaccine will be unequal, both within countries and between
them. Within countries, health authorities have prepared strategic prioritiza-
tion plans (Lipsitch 2020), offering vaccines first to healthcare workers and
people at high risk of severe COVID-19; then maybe to those living in epide-
miological hotspots; and, finally, to the rest of the population - if they want
to get vaccinated (Schwartz 2020, Bingham 2020). Between countries, there is
no doubt that those that produce vaccines will get the vaccine before coun-
tries that don’t and that countries paying more will get vaccines earlier. On
24 August 2020, wealthy countries had pre-ordered around two billion vac-
cine doses without knowing which one may prove effective (see an overview
of the August situation in Callaway 2020). As it is not acceptable that low-risk
people in wealthy countries get the vaccine while health care workers in low-
and middle-income countries do not, GAVI, the Vaccine Alliance (a Geneva-
based funder of vaccines for low-income countries), the Coalition for Epidem-
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ic Preparedness Innovation (CEPI°) and the World Health Organization have
set up the COVID-19 Vaccines Global Access (COVAX) Facility (Kupferschmidt
20200728, Jeyanathan 2020). COVAX aims to accelerate the development and
manufacture of COVID-19 vaccines, and to guarantee fair and equitable access
for every country in the world by securing 2 billion vaccine doses which
should be enough to protect high risk and vulnerable people, as well as front-
line healthcare workers. One billion have already been reserved for 92 low-
and middle-income countries (LMICS), which make up half the world’s popu-
lation. All participating countries, regardless of income levels, will have equal
access to these vaccines once they are developed. For lower-income nations
who would otherwise be unable to afford these vaccines as well as a number
of higher-income self-financing countries that have no bilateral deals with
manufacturers, COVAX is quite literally a lifeline and the only viable way in
which their citizens will get access to COVID-19 vaccines. South Africa and
India have asked the World Trade Organization to temporarily suspend intel-
lectual property rights so that COVID-19 vaccines and other new technologies
are accessible for poor countries (Usher 2020).

Impact on the Pandemic

The fact that hundreds of millions of people will receive a SARS-CoV-2 vac-
cine during the first months of 2021 will not end the COVID-19 pandemic
(Editorial 20201218). An exception may be countries like Israel that are able to
vaccinate more than 1% of their population per day. These situations will
provide the answer to the Question of 2021: When and how will vaccine impact a
local epidemic? Over the coming 10 weeks, it will be highly instructive to up-
date the three curves in Figure 1.

> The Coalition for Epidemic Preparedness Innovation (CEPI), an international
nongovernmental organization funded by the Wellcome Trust, the Bill and
Melinda Gates Foundation, the European Commission, and eight countries
(Australia, Belgium, Canada, Ethiopia, Germany, Japan, Norway, and the Unit-
ed Kingdom), is supporting development of vaccines against five epidemic
pathogens on the World Health Organization (WHO) priority list (Lurie 2020).
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Figure 1. SARS-CoV-2 cases in Israel. Impact of mass vaccination on the pandemic. The
rolling 7-day average of new SARS-CoV-2 cases is shown in red circles (left vertical axis),
the rolling 7-day average of deaths as a plain black line (right vertical axis). The percentage
of people that have received at least one vaccine dose is shown in green squares. The
percentage of people that have been fully vaccinated is shown in green-yellow crosses.
Please remember that the country entered a third lockdown on 27 December. The evolution
of daily new cases and deaths will be influenced both by the lockdown measures and the
vaccination campaign. Updated 24 January.

Mutations and vaccine efficacy

Multiple SARS-CoV-2 variants are circulating globally (CDC 2021 V, CDC 2021
NCV, Kupferschmidt 20201220, Kupferschmidt 20201223). In the autumn of
2020, several new variants emerged, most notably:

e InEngland the new B117 variant (also known as B.1.1.7, 20B/501Y.V1,
or VOC 202012/01; ECDC 202012204, ECDC 20201220b, Lauring 2021)
emerged with an unusually large number of mutations. This variant
has since been detected in numerous countries around the world
(Callaway 2021).

e In South Africa, another variant of SARS-CoV-2 (known as
20C/501Y.V2 or B.1.351 lineage) emerged independently of the B117
lineage. It does share some mutations with B117. Cases attributed to
this variant have been detected outside of South Africa.
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All variants have multiple mutations in the Spike protein which are involved
in receptor binding (Wong AHM 2017, Kistler 2020). This viral evolution is a
normal process (all coronaviruses undergo antigenic evolution that erodes
neutralizing antibody immunity (Eguia 2020)) - and has recently been repro-
duced in vitro (Zahradnik 2020).

The epidemiological consequences of these new variants are currently not
foreseeable (Tufekci 2020, Felter 2021). There is no evidence that they cause
more severe illness or increased risk of death; however, they seem to have a
substantial transmission advantage (up to +75%) (Public Health England 2020,
Volz 2021, Leung 2021). Increased transmission will lead to more SARS-CoV-2
infections and might significantly increase the number of deaths over the
coming months (Figure 2).

1,000 2
# Deaths from a strain that is
50% more transmissible
800
Although the more lethal strain
600
initially causes more deaths the
more transmi n quickly
outpaces it due to exponennal
growth in the number of infections
400
200 o Deaths from a strain that is

50% more lethal

Deaths from original virus
strain

Time

Notes: The line for the original strain assumes a fatality risk of 0.8% and that each infected person transmits the virus to 1.1
other people on average.
COUNCILon

Source: Adam Kucharski, Associate Professor, London School of Hygiene and Tropical Medicine. FOREIGN
RELATIONS

Figure 2. A more infectious virus could lead to many more deaths. Simplified, hypothetical
scenario showing the number of new deaths every six days from three different virus strains,
assuming each strain started from 10.000 infections. Source: Adam Kucharski, Associate
Professor, London School of Hygiene and Tropical Medicine.

Preliminary results suggest that existing mRNA vaccines will maintain effica-
cy against variants that share the N501Y mutation (Xie X 2020). However, a
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recently published comprehensive map of all amino acid mutations to the
SARS-CoV-2 spike receptor-binding domain (RBD) show that the site where
mutations tend to have the largest effect on antibody-binding and neutraliza-
tion is E484 (Greaney 2020). The E484K mutation, too, is present in several
emerging SARS-CoV-2 lineages (Tegally 2020, Voloch 2020). Intense research
is currently investigating vaccine efficacy against variants with multiple mu-
tations; results are expected within weeks. If widely circulating SARS-CoV-2
variants are confirmed to elicit insufficient neutralizing antibody responses
after vaccination, existing SARS-CoV-2 vaccines would require reformulating.

Prices

In December 2020, a Belgian minister tweeted the price that the EU had
agreed to pay for COVID vaccines (The Guardian). The University of Ox-
ford/AstraZeneca vaccine is the cheapest and Moderna is the most expensive:

1. University of Oxford/AstraZeneca: €1.78 (£1.61)
2. Sanofi/GSK: €7.56

3. Johnson & Johnson: $8.50 (£6.30)

4. CureVac: €10

5. BioNTech/Pfizer: €12

6. Moderna/NIAID: $18

Initially, AstraZeneca had pledged it would provide doses on a cost basis for at
least as long as the pandemic lasts and in poorer countries in perpetuity.
However, according to a newspaper article, an agreement between Astra-
Zeneca and a Brazilian manufacturer seem to define the “Pandemic Period”
as ending on July 1 2021. The period could be extended but only if “Astra-
Zeneca acting in good faith considers that the SARS-COV-2 pandemic is not
over” (Financial Times, 8 October 2020).

Questions

After the beginning of mass vaccinations, numerous questions remain (Polack
2020, Rubin 2020):

o  Will unexpected safety issues arise when the number grows to mil-
lions and possibly billions of people?

o  Will side effects emerge with longer follow-up?

e  What happens to the inevitable large number of recipients who miss
their second dose?
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e How long will the vaccine remain effective? Are re-vaccinations
needed at regular intervals or might immunity last for years (Dan
2021)?

e  Will the vaccines also reduce transmission of SARS-CoV-2 when vac-
cinated (and protected!) individuals will become infected?

e  What about people who were not represented in the recent Phase I11
trials, such as children, pregnant women, and immunocompromised
patients of various sorts?

e  Will new SARS-CoV-2 mutations require regular vaccine ‘updates’?

Vaccines

Tozinameran

In November 2020, the German company BioNTech and the New York-based
Pfizer made history by presenting data which indicated that their vaccine
tozinameran (trade name: Comirnaty) had an extraordinary efficacy of over
90%. Tozinameran is a lipid nanoparticle-formulated (Pardi 2015), nucleo-
side-modified RNA vaccine (Karikd 2008; see also Kariké 2005 + Kariké 2012 +
Wired) that encodes a prefusion stabilized, membrane-anchored SARS-CoV-2
full-length spike protein (Wrapp 2020). The vaccine was approved on the ba-
sis of data from a Phase III trial which demonstrated that two 30 ug doses giv-
en three weeks apart conferred 95% protection against COVID-19 in persons
16 years of age or older (Polack 2020). Of 170 confirmed COVID-19 cases, 162
occurred in the placebo group and 8 in the vaccine group. Efficacy was con-
sistent across age, gender, race and ethnicity. In particular, the observed effi-
cacy in adults over 65 years of age was above 94%. Safety over a median of 2
months was similar to that of other viral vaccines.

Researchers involved in the development of tozinameran had previously pub-
lished Phase I safety and immunogenicity data (Walsh 2020). Two 30 pg doses
had been shown to elicit high SARS-CoV-2 neutralizing antibody titers and
robust antigen-specific CD8" and Th1-type CD4" T cell responses (Sahin 2020,
Mulligan 2020).

Data on local and systemic reactions were collected with electronic diaries
from participants in a reactogenicity subset of 8183 participants for 7 days
after each vaccination. Local and systemic adverse events were reported
more often by younger vaccine recipients (16 to 55 years of age) than by older
vaccine recipients (older than 55 years of age) and more often after dose 2
than dose 1. Apart from pain at the injection site, the most commonly report-
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ed systemic events were fatigue and headache (see Tables 5.2 and 5.3). Most
local and systemic reactions occur within the first 1 to 2 days after the injec-
tion and resolve within days. In some patients, axillary lymphadenopathy
might indicate a robust vaccine-elicited immune response; it generally re-
solves within 10 days.

In comparison to these normal events, the incidence of serious adverse events
was similar for tozinameran and placebo (0,6% and 0,5%, respectively).

The major drawback of the BioNTech/Pfizer vaccine is its temperature sensi-
tivity - it must be stored at -70° C (-94¢ F) while the Moderna/NIAID vaccine
can be stored at -20 C (-4° F). In normal refrigerator conditions the BioN-
Tech/Pfizer vaccine can be stored only up to 5 days and the Moderna/NIAID
vaccine up to 30 days. In this regard, the University of Oxford/AstraZeneca
vaccine presents an important advantage: it can be transported at a tempera-
ture between 2 and 8° C (36° F to 46°F) for at least six months and could be
administered by physicians, pharmacists or in other already existing
healthcare settings.

A press article narrates the background of the Pfizer vaccine development:
https://www.nytimes.com/2020/11/21/us/politics/coronavirus-
vaccine.html. On 31 December, WHO listed the Comirnaty COVID-19 mRNA
vaccine for emergency use, making the Pfizer/BioNTech vaccine the first to
receive emergency validation from WHO (WHO 20201231). Countries who do
not have the means to rigorously assess the efficacy and safety of vaccines
can now take advantage of the WHO EV and begin rolling out their vaccina-
tion programs.

Table 2 — Tozinameran (Comirnaty™): local and systemic reactions
reported after the second injection of tozinameran or placebo (age
group: 16-55 years) (FDA briefing document). See also Figure 2 of the
paper by Polack et al.

Tozinameran Placebo

(Comirnaty™,
formerly: BNT162b2)

Pain at injection site 78% 12%
Fever 16% 0%
Fatigue 59% 23%
Headache 52% 24%
Chills 35% 4%
Myalgia 37% 8%
Arthralgia 22% 5%
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Table 3 — Tozinameran (Comirnaty™): severe local and systemic
reactions reported after the second injection of tozinameran or placebo
(age group: 16-55 years) (FDA briefing document).

Tozinameran Placebo
(Comirnaty™,
formerly: BNT162b2)

Pain at injection site 1,2% 0%
Fever >38.9° 1,2% 0,1%
Fatigue 4,6% 0,7%
Headache 3,2% 0,7%
Chills 2,1% 0%
Myalgia 2,2% 0,1%
Arthralgia 1,0% 0,2%
mMRNA-1273

mRNA-1273, developed by Moderna, is a lipid nanoparticle-encapsulated,
nucleoside-modified messenger RNA (mRNA)-based vaccine that encodes the
SARS-CoV-2 spike (S) glycoprotein stabilized in its prefusion conformation.
The vaccine was approved on the basis of data from a Phase III trial which
demonstrated that 100 pg taken four weeks apart conferred 94,5% protection
against COVID-19 in persons 16 years of age or older (FDA EUA). Of 95 con-
firmed COVID-19 cases, 90 occurred in the placebo group and 5 in the vaccine
group. Subgroup analyses of the primary efficacy endpoint showed similar
efficacy point estimates across age groups, genders, racial and ethnic groups,
and participants with medical comorbidities associated with high risk of se-
vere COVID-19. The vaccine might also prevent severe COVID-19 and prevent
COVID-19 following the first dose, but available data for these outcomes were
not sufficient to allow for any firm conclusions.

Researchers involved in the development of mRNA-1273 had previously
demonstrated that mRNA-1273 induced potent neutralizing antibody re-
sponses (Korber 2020, Widge 2020, Anderson 2020) to SARS-CoV-2 as well as
CD8' T cell responses, and protects against SARS-CoV-2 infection in mice
(Corbett 2020) and non-human primates (Corbett 2020b). In early clinical tri-
als, it induced anti-SARS-CoV-2 immune responses in all participants, and no
trial-limiting safety concerns were identified (Jackson 2020). Check also this
press article at
https://www.nytimes.com/interactive/2020/health/moderna-covid-19-
vaccine.html.
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Side effects (adverse events):

1.

Side effects were more frequent after the second dose. After the sec-
ond dose, moderate-to-severe systemic side effects, such as fatigue,
headache, chills, myalgia, and arthralgia, were noted in about 50% of
participants in the mRNA-1273 group. The majority of solicited sys-
temic adverse events were grade 1 to grade 2 in severity. In the
mRNA-1273 group, the most common grade 3 solicited systemic ARs
after the second injection included fatigue, myalgia, headache, and
arthralgia.

These side effects were transient, starting about 15 hours after vac-
cination and resolving in most participants by day 2, without seque-
lae (Baden 2020; see also Tables 4 and 5).

With the exception of more frequent, generally mild to moderate re-
actogenicity in participants < 65 years of age, the safety profile of
mRNA-1273 was generally similar across age groups, genders, ethnic
and racial groups, participants with or without medical comorbidi-
ties, and participants with or without evidence of prior SARS-CoV-2
infection at enrollment.

Several participants reported injection site reactions after day 7 that
were characterized by erythema, induration, and often pruritis. Con-
sultation with a dermatopathologist suggested that these were most
likely dermal hypersensitivity reactions and were unlikely to repre-
sent a long-term safety concern.

The rate of serious adverse events (SAEs) was low, and similar in both
vaccine and placebo groups (around 1%). The most common SAEs in
the vaccine group which were numerically higher than the placebo
group were myocardial infarction (0,03%), cholecystitis (0,02%), and
nephrolithiasis (0,02%), although the small numbers of cases of these
events do not suggest a causal relationship (FDA Briefing). The most
common SAEs in the placebo arm which were numerically higher
than the vaccine arm, aside from COVID-19 (0,1%), were pneumonia
(0,05%) and pulmonary embolism (0,03%). The incidence of serious
adverse events was similar in the vaccine and placebo groups.

Throughout the safety follow-up period, there were three reports of
facial paralysis (Bell’s palsy) in the vaccine group and one in the pla-
cebo group. Currently available information is insufficient to deter-
mine a causal relationship with the vaccine.

Kamps - Hoffmann


https://covidreference.com/
http://www.bsk1.com/
https://www.researchgate.net/profile/Christian_Hoffmann8
https://www.researchgate.net/profile/Christian_Hoffmann8
https://doi.org/10.1056/NEJMoa2035389
https://www.fda.gov/media/144434/download

Vaccines | 219

Table 4 — mRNA-1273: local and systemic reactions after the second
injection of MRNA-1273 or placebo (18-64 years) (FDA Briefing).

MRNA-1273 Placebo
Pain at injection site 90% 19%
Lymphadenopathy 16% 4%
Fever 17% 0%
Fatigue 68% 25%
Headache 63% 26%
Chills 48% 6%
Myalgia 61% 12%
Arthralgia 45% 11%

Table 5 — mRNA-1273: severe local and systemic reactions after the
second injection of MRNA-1273 or placebo (18-64 years) (FDA Briefing).

MRNA-1273 Placebo
Pain at injection site 4,6% 0,2%
Lymphadenopathy 0,4% <0,1%
Fever 1,6% <0,1%
Fatigue 10,6% 0,8%
Headache 5,0% 1,2%
Chills 1,5% 0,1%
Myalgia 10,0% 0,4%
Arthralgia 5,8% 0,3%

ChAdOx1 nCoV-19

ChAdOx1 nCoV-19 (or AZD1222), developed by University of Ox-
ford/AstraZeneca, uses replication-deficient chimpanzee adenovirus vector
ChAdOx1, which contains the full-length, unmodified spike protein of SARS-
CoV-2. On December 30, UK regulatory authorities approved the vaccine
(GOV.UK 20201230). The vaccine was approved in India a few days later.

Researchers involved in the development of ChAdOx1 nCoV-19 had previously
published results from a Phase I/1I trial showing that in ChAdOx1 vaccine
recipients, T cell responses peaked on day 14, anti-spike IgG responses rose by
day 28, and neutralizing antibody responses against SARS-CoV-2 were detect-
ed in > 90%. Adverse events such as fatigue, headache, and local tenderness
commonly occurred, but there were no serious adverse events (Folegatti
2020). A multiplex cytokine profiling and intracellular cytokine staining anal-
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ysis demonstrated that ChAdOx1 nCoV-19 vaccination induces a predomi-
nantly Thi-type response (Ewer 2020). In a Phase II/III trial ChAdOx1 nCoV-19
appeared to be better tolerated in older adults than in younger adults and has
similar immunogenicity across all age groups after a boost dose (Ramasamy
2020, Andrew 2020). Finally, in December, the results from four randomized
studies showed that ChAdOx1 had an efficacy of 62-90% (Voysey 2020, Knoll
2020). Importantly, no hospitalizations or severe cases of the disease were
reported in participants receiving the vaccine. ChAdOx1 nCoV-19 (AZD1222)
needs only normal refrigeration at 2-8°C and is far cheaper than the mRNA
vaccines Comirnaty (BioNTech/Pfizer) and mRNA-1273 (Moderna).

In December, AstraZeneca and Gamaleya announced that they would combine
their vaccines to see if the combination would deliver a stronger protection
than either vaccine on its own. A Phase I trial was registered on Christmas
Eve 2020.

In October, an ideal pandemic vaccine was defined as being acceptably safe
for everyone, effective in inducing a durable protective immune response,
rapidly scalable, stable at room temperature, single dose and cost effective
(Bingham 2020). ChAdOx1 nCoV-19 fulfills these requirements. AstraZeneca
will soon seek an Emergency Use Listing from the World Health Organization
for an accelerated pathway to vaccine availability in low-income countries.

Vaccine platforms

mRNA vaccines

The recently approved mRNA vaccines - tozinameran (Comirnaty™, BioN-
tech/Pfizer) and mRNA-1273 (Moderna/NIAID) - use a lipid-based nanoparti-
cle carrier system that facilitates in vivo delivery and prevents the rapid en-
zymatic degradation of mRNA. This carrier system is further stabilized by a
polyethylene glycol (PEG) 2000 lipid conjugate. PEG 2000 prolongs the half-life
of the vaccine by providing a hydrophilic layer to the lipid nanoparticle.

An mRNA vaccine is comparable to software code which instructs human cells
(the ‘operating system’) to produce its own SARS-CoV-2 vaccine. Once intro-
duced into a cell, the mRNA molecule is read by a ribosome and translated
into SARS-CoV-2 spike proteins (see Figure 3) which, when released into the
body, are recognized by the immune system as other and trigger an immune
response (Walsh 2020). Another mRNA vaccine currently in Phase III is Cvn-
CoV by CureVac (NCT04652102).

mRNA vaccines have the potential to be truly transformative (Abbasi 2020).
BioNTech, Moderna, CureVac and GSK own nearly half of the mRNA vaccine
patent applications (Martin 2020).
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Figure 3. Ribosomes assemble protein molecules whose
sequence is controlled by the sequence of messenger RNA
molecules. The growing peptide chain (top left) will form the
SARS-CoV-2 spike protein. TRNA: transfer RNA.

Replication-incompetent vectors

Another approach is to use recombinant viral vectors in which an antigen of
the pathogenic virus is expressed. Such vaccines are typically based on an-
other virus that has been engineered to express the spike protein and has
been disabled from replication in vivo by the deletion of parts of its genome
(Krammer 2020). The majority of these vaccines are based on adenovirus
(AdV) vectors. The vectors usually show good stimulation of B cell and T cell
responses; however, pre-existing anti-AdV immunity might partially neutral-
ize a candidate vaccine’s immunogenicity (Zhu FC 2020b). Before 2020, the
Ebola vaccine was the only approved vaccine based on this principle (Henao-
Restrepo 2017).

Replication-incompetent vector vaccines (approved or in advanced Phase III
development) are being developed/distributed by

e Oxford University / AstraZeneca: ChAdOx1 nCoV-19, also known as
AZD1222 - van Doremalen 2020, Folegatti 2020, page 219

e Janssen: AdV26-based vector - Ad26.COV2.S, Mercado 2020; page 227
e CanSino: AdV5 - Convidecia, Zhu FC 2020a, Zhu FC 2020b: page 226

e Gamaleya Research Institute: Ad5/Ad26 - Sputnik V, Logunov 2020;
page 225
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Other vaccine platforms

The most traditional way to produce vaccines is the use of whole viruses,
which are either attenuated or inactivated. Currently licensed examples include
the vaccines against measles and yellow fever (attenuated virus) and influen-
za and polio (inactivated viruses). Two inactivated vaccines protected rhesus
monkeys from SARS-CoV-2. The vaccines were well tolerated pre-clinically
and no type 2 immunopathology was found in the lungs (see below: patholog-
ical immune responses) (Gao Q 2020, Wang H 2020). Inactivated vaccines (in
advanced Phase III development) are being developed by

e Sinopharm + Beijing Institute of Biological Products: BBIBP-CorV;
page 224

e Sinovac Biotech: CoronaVac - Zhang Y 2020, Gao 2020; page 224
e Bharat Biotech: Covaxin - Ella 2020; page 225

Find an overview of other platforms used for SARS-CoV-2 vaccine develop-
ment at Krammer 2020 (the letters in the brackets refer to Figure 3 of the
review):

e recombinant protein vaccines based on the spike protein (e), the RBD
(f) or on virus-like particles (g); licensed examples include the vac-
cines against hepatitis B and human papilloma virus.

e replication-competent vector vaccines (i)

e inactivated virus vector vaccines that display the spike protein on
their surface (j)

e DNA vaccines (k)

Vaccine candidates in Phase III Trials

On 8 January 2021, 63 vaccine candidates were in clinical development against
SARS-CoV-2 and 172 in pre-clinical development. The World Health Organiza-
tion (WHO) maintains a twice-weekly updated working document that in-
cludes most of the vaccines in development (WHO Landscape 2020; accessed 8
January).
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Table 1. Vaccines in Phase Il trials*
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Vaccine candidate Vaccine Type of candidate Doses  Schedule
Developers platform vaccine
BBIBP-CorV Inactivated Inactivated SARS-CoV-2 2 Day 0 + 21
Sinopharm + Beijing  virus vaccine (Vero cell)
Institute of
Biological Products
CoronaVac Inactivated SARS-CoV-2 vaccine 2 Day 0 + 14
Sinovac Biotech virus (inactivated)
(Zhang Y 2020,
Gao 2020)
Covaxin Inactivated Whole-Virion Inactivated 2 Day 0 + 14
Bharat Biotech virus SARS-CoV-2 Vaccine

(BBV152)
Sputnik V Viral vector Adeno-based 2 Day 0 + 21
Gamaleya (Non- (rAd26-S+rAd5-S)
Research Institute replicating)
(Logunov 2020,
Bucci 2020)
Ad26.COV2.S Viral vector Ad26.COV2.S 1-2 Day 0 or
Janssen (Non- Day 0 +56
Pharmaceutical replicating)
(Mercado 2020)
CvnCoV RNA based CVnCoV 2 Day 0 + 28
CureVac vaccine
(NCT04652102)
Convidecia Viral vector Recombinant novel 1 Day 0
CanSino Biological (Non- coronavirus vaccine
Inc./Beijing Institute  replicating) (Adenovirus type 5
of Biotechnology vector; formerly: CTII-
(Zhu FC 2020a, Zhu nCoV)
FC 2020b)
NVX-CoV2373 Protein SARS-CoV-2 rS/Matrix 2 Day 0 + 21
Novavax subunit M1-Adjuvant (Full length
(Keech 2020) recombinant SARS CoV-

2 glycoprotein

nanoparticle vaccine

adjuvanted with Matrix

M)
N. N. Inactivated Inactivated SARS-CoV-2 2 Day 0 + 21
Sinopharm + virus vaccine (Vero cell)
Wuhan Institute of
Biological Products
(Xia' S 2020)
ZF2001 Protein Recombinant SARS- 2-3 Day 0 + 28
Anhui Zhifei subunit CoV-2 vaccine (CHO or Day 0 +
Longcom + Chinese Cell) 28 + 56
Academy of
Sciences
(NCT04646590)
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CoVLP Virus like Coronavirus-Like 2 Day 0 + 21
Medicago particle Particle COVID-19

(Ward 2020, (CoVLP)

NCT04636697)

SCB-2019 Protein SCB-2019 + AS03 or 2 Day 0 + 21
Clover subunit CpG 1018 adjuvant plus

Biopharmaceuticals Alum adjuvant (Native

(Press release, like Trimeric subunit

NCT04672395) Spike Protein vaccine)

* Source: WHO Landscape 2020

BBIBP-CorV (China)

BBIBP-CorV is an inactivated virus vaccine developed by Sinopharm and the
Beijing Institute of Biological Products. On 30 December, Sinopharm an-
nounced that the vaccine had an efficacy of almost 80%. A day later, China’s
health authorities approved the vaccine for general use on the population (31
December 2020: The Guardian, The New York Times). Outside China, the vac-
cine has been approved in the United Arab Emirates and Bahrain.

CoronaVac (China)

CoronaVac™is an inactivated virus vaccine developed by Sinovac Biotech. In
macaques, the vaccine provided partial or complete protection against a
SARS-CoV-2 challenge (Gao 2020). In a Phase I/1I trial, CoronaVac was well
tolerated and moderately immunogenic in healthy adults aged 18-59 years.
Most adverse reactions were mild, with the most common symptom being
injection-site pain (Zhang Y 2020). In July 2021, the Chinese government ap-
proved CoronaVac for emergency use; it is assumed that the vaccine has been
offered to people in high-risk jobs, for example, medical workers and other
public service personnel. In Brazil, CoronaVac is being developed in partner-
ship with the Butantan Institute. On 12 January, the government of Sdo Paulo,
Brazil, announced the overall effectiveness of the Sinovac vaccine to be
50.38%. The data was obtained with tests carried out on 12,508 volunteers in
the country, all health professionals. According to a report of The New York
Times (7 January), Sinovac had sold more than 300 million doses, mostly to
low- and middle-income countries, accounting for about half of the total pro-
duction.

Kamps - Hoffmann


https://covidreference.com/
http://www.bsk1.com/
https://www.researchgate.net/profile/Christian_Hoffmann8
https://www.researchgate.net/profile/Christian_Hoffmann8
https://doi.org/10.1101/2020.11.04.20226282
https://clinicaltrials.gov/ct2/show/NCT04636697
http://www.cloverbiopharma.com/index.php?m=content&c=index&a=show&catid=11&id=53
https://clinicaltrials.gov/ct2/show/NCT04672395
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
http://www.bjbpi.com/news_list.asp?id=787
http://www.bjbpi.com/news_list.asp?id=787
https://www.theguardian.com/world/2020/dec/31/china-approves-sinopharm-covid-19-vaccine-for-general-use
https://www.nytimes.com/2020/12/30/business/china-vaccine.html
https://www.google.com/search?client=firefox-b-e&q=u.a.e.
https://en.wikipedia.org/wiki/Bahrain
https://doi.org/10.1126/science.abc1932
https://doi.org/10.1016/S1473-3099(20)30843-4
https://www.bbc.com/portuguese/geral-55639246
https://www.nytimes.com/2021/01/07/business/china-coronavirus-vaccine-sinovac.html

Vaccines | 225

Covaxin (India)

Covaxin (formerly known as BBV152), developed by Bharat Biotech (Bharat
Biotech, Hyderabad) in collaboration with the Indian Council of Medical Re-
search and the National Institute of Virology, is a whole-virion inactivated
SARS-CoV-2 vaccine. In a Phase I/1I trial, robust humoral and cell-mediated
responses were observed in the Algel-IMDG recipients (Ella 2020). Pain at the
injection site resolved spontaneously. The overall incidence rate of local and
systemic adverse events in this study was 10%-20% which is lower than the
rates for other SARS-CoV-2 vaccine platform candidates and comparable to
the rates for other inactivated SARS-CoV-2 vaccine candidates. On 3 January,
the Drugs Controller General of India (DCGI) approved the emergency use of
Covaxin, making it India’s first vaccines against the pandemic, even though
Phase III safety and efficacy clinical trials had not been completed. At that
time, 22.500 of the 25.800 participants in a Phase III trial had been vaccinated
(CTR1/2020/11/028976). Bharat has agreed on a partnership with Ocugen
(Pennsylvania) to develop Covaxin for the United States market (Ocugen
Press release).

Sputnik V (Russia)

Sputnik V (formerly known as Gam-COVID-Vac), developed by the Gamaleya
Research Institute, is a combination of two adenoviruses, Ad5 and Ad26, each
carrying an S antigen of the new coronavirus. In a December 14 press release,
Gamaleya announced an efficacy of over 90% of their vaccine after analyzing
22.714 volunteers who had received the first dose of the vaccine or placebo.
The Gamaleya vaccine candidate might also prevent severe COVID-19 - there
were 20 severe cases of coronavirus infection among confirmed cases in the
placebo group and no severe cases in the vaccine group. These findings need
to be confirmed.

Gam-COVID-Vac still suffers a serious handicap - there are no substantial
data published to date. The small Phase /11 trials presented only 38 people. In
their recent press release, the researchers from Gamaleya still provide no
information on outcomes by age group, and no data on safety. In a late-
December tweet, Gamaleya announced an efficacy of over 90 percent in peo-
ple over 60. Gamaleya’s hair-raising communication skills - a premature pres-
idential fake approval, Phase 1/1I results, press releases and tweets - clearly
need coaching.

In December, Gamaleya and AstraZeneca announced that they would combine
their vaccines to see if the combination would deliver a stronger protection
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than either vaccine on its own. A Phase I trial was registered on Christmas
Eve 2020.

Wubhan Institute vaccine (China)

In addition to BBIBP-CorV (from the Beijing Institute of Biological Products),
Sinopharm also began testing an inactivated virus vaccine developed by the
Wuhan Institute of Biological Products. In an interim analysis of 2 randomized
placebo-controlled trials (96 and 224 healthy adults) showed that the vaccine
produced antibodies (Xia S 2020). With the success of BBIBP-CorV, the future
of the Wuhan candidate is uncertain. No clinical data.

Convidecia (China)

Convidecia (formerly: CTII-nCoV), developed by CanSino Biologics in partner-
ship with the Institute of Biology at the Chinese Academy of Military Medical
Sciences, is based on an adenovirus called Ad5. Results from a Phase I safety
trial on Convidecia were published in May (Zhu FC 2020a). In July, Phase II
trials demonstrated that the vaccine produced significant neutralizing anti-
body responses to live SARS-CoV-2 (Zhu FC 2020b) and that over 90% of par-
ticipants showed either cellular or humoral immune responses at day 28 post-
vaccination (Zhu 2020). The authors found that older people had a significant-
ly lower immune response, but higher tolerability. Pre-existing immunity to
the Ad5 vector and increasing age might partially hamper the specific im-
mune responses to vaccination, particularly for the humoral immune re-
sponses. Adverse events such as fever, fatigue, headache, or local site pain
were comparable to the ChAdOx1 study above. On 25 June, the Chinese mili-
tary approved the vaccine for a year as a “specially needed drug.” In Novem-
ber, the Chief Executive of CanSino Biologics said in an interview that about
40.000 to 50.000 people had received Convidecia. Since August, Phase III trials
have been under way in Russia, Pakistan, Mexico and Chile.

CvnCoV (Germany)

In December 2020, CureVac launched a Phase III trial of its vaccine candidate
CvnCoV which will recruit 36.500 volunteers (NCT04652102). The first efficacy
data are expected in summer 2021. In a November 2020 press release, the
company claimed that CVvnCOV might be stable for at least three months at
+5°C (+41°F) and up to 24 hours at room temperature. This might give the vac-
cine an advantage over other mRNA vaccines such as tozinameran or mRNA-
1273. It will be interesting to follow a CureVac-Tesla collaboration on creating
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mRNA “micro-factories” deployed around the world to make billions of doses
of the vaccine. No clinical data.

Ad26.COV2.S (Belgium/US)

Ad26.COV2.S, developed by Janssen Pharmaceutical Companies of Johnson &
Johnson, is a recombinant replication-incompetent adenovirus type 26 (Ad26)
vector-based COVID-19 vaccine encoding a prefusion-stabilized SARS-CoV-2
Spike immunogen (Bos 2020). Its potency in eliciting protective immunity
against SARS-CoV-2 infection was demonstrated in a non-human primate
challenge model (Mercado 2020). Ad26.COV2.S induced robust neutralizing
antibody responses and provided complete protection against a SARS-CoV-2
challenge in five out of six rhesus macaques and near-complete protection in
one out of six macaques. A Phase III trial studying a 1-dose regimen started in
September 2020. In November, Johnson & Johnson announced that they were
launching a second Phase I1I trial to test a two-dose regimen. No clinical data.

NVX-CoV2373 (US)

NVX-CoV2373, developed by Novavax, is a recombinant nanoparticle vaccine
(rSARS-CoV-2) composed of trimeric full-length SARS-CoV-2 spike glycopro-
teins and Matrix-M1 adjuvant (Keech 2020). In a Phase I/1I trial, the vaccine
induced levels of neutralizing antibodies that closely correlated with anti-
spike IgG. After the second vaccination neutralizing antibody responses ex-
ceeded values seen in symptomatic COVID-19 outpatients and were of the
magnitude seen in convalescent serum from hospitalized patients with
COVID-19. Phase III trials are under way in Britain and in the US. In Septem-
ber, Novavax signed a deal with the Serum Institute of India to produce a
minimum of one billion doses of its NVX-CoV2373, thereby doubling its po-
tential COVID-19 vaccine manufacturing capacity to two billion doses annual-
ly. No clinical data.

CoVLP (Canada)

CoVLP, developed by Medicago, is a coronavirus-like particle COVID-19 vac-
cine candidate composed of recombinant spike (S) glycoprotein expressed as
virus-like particles (VLPs). A Phase I study showed that when combined with
an adjuvant made by GSK, the vaccine produced promising levels of antibod-
ies. A Phase II/III trial investigating two doses 21 days apart began in Novem-
ber 2020 (NCT04636697). The trial aims at enrolling more than 30.000 partici-
pants. No clinical data.
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ZF2001 (China)

ZF2001 is a recombinant subunit candidate vaccine produced by the Chinese
company Anhui Zhifei Longcom and the Chinese Academy of Sciences. The
vaccine is composed of the receptor-binding domain of the spike protein and
an adjuvant. Phase III trials will enroll 29.000 adult volunteers (NCT04646590).
Global trials are expected to begin in Uzbekistan, followed by trials in Indone-
sia, Pakistan and Ecuador. The company announced an annual production
capacity of up to 300 million doses. No clinical data.

SCB-2019 (China)

SCB-2019, developed by Clover Biopharmaceuticals, China, is a recombinant
subunit vaccine candidate administered with AS03 adjuvant. Clover has pro-
duced an S trimer subunit vaccine candidate that resembles the native tri-
meric viral spike. A Phase I1/11I trial investigating two doses 21 days apart was
to start in December 2020 (NCT04672395). The trial aims at enrolling more
than 34.000 participants. No clinical data.

Immunization fundamentals

The SARS-CoV-2 pandemic and the unprecedented research effort to develop
multiple vaccines on different platforms is the perfect time for immunolo-
gists to be involved in designing the next generation of powerful immuno-
gens (Pollard 2020, Dagotto 2020).

Recovery from infections often induces long-term and sometimes life-long
immunity against the causative pathogen. After the resolution of the infec-
tion, immunological memory protects against re-infection and is mediated by
specific antibodies and T cells.

In contrast, immunizations confer immunity without exposure to virulent
pathogens. Immunization can be passive or active. In passive immunization
protective antibodies are transferred from a donor into a recipient whereas
active immunization induces a protective immune response in the recipient.

Passive immunization against SARS-CoV-2

Passive immunization against SARS-CoV-2 can be achieved with convalescent
plasma or with neutralizing monoclonal antibodies.

Convalescent plasma

Treatment with human convalescent plasma (CP) is based on the assumption
that protective antibodies against the causative pathogen are present in the
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blood of people who have overcome an infectious disease. For example, CP
has been used to treat some infectious diseases such as Argentine hemorrhag-
ic fever (Casadevall 2004). CP was also used to treat SARS patients in the
2002/2003 epidemic but not in controlled clinical studies; a later meta-
analysis concluded that the treatment was probably safe and perhaps helpful
(Mair-Jenkins 2015).

CP could become an option for prevention and treatment of COVID-19 disease
when there are sufficient numbers of people who have recovered and can
donate immunoglobulin-containing serum (Casadevall 2020). Antibodies that
are found in CP are very stable. Pathogen inactivation (using psoralen and UV
light) did not impair the stability and neutralizing capacity of SARS-CoV-2-
specific antibodies that was also preserved at 100% when the plasma was
shock frozen at -30°C after pathogen-inactivation or stored as liquid plasma
for up to 9 days (Tonn 2020). However, in a recently published open label
randomized controlled trial (the largest to date with results) 464 patients
were assigned either to two doses of 200 mL CP or standard of care only. The
result was sobering: progression to severe disease at 28 days after enrolment
occurred in 44 (19%) participants in the CP arm and 41 (18%) in the control
arm (Agarwal 2020).

The major caveat of CP is quantity and quality of antibody titers. In plasma
from 149 patients collected on average 39 days after the onset of symptoms,
neutralizing titers were extremely variable. Most plasma did not contain high
levels of neutralizing activity (Robbiani 2020). There seems to be a correlation
between serum neutralizing capacity and disease severity, suggesting that the
collection of CP should be restricted to those with more severe symptoms
(Chen 2020). Another, unintended, consequence of receiving CP may be that
recipients will not develop their own immunity, putting them at risk for re-
infection.

In addition, in light of the possibility of antibody-dependent disease en-
hancement (ADE), safety is still a hypothetical consideration in the ongoing
CP trials. One study on macaques found that passive transfer of anti-SARS-
CoV-S immunoglobulin from immunized monkeys into naive recipients re-
sulted in acute lung injury after infection. The proposed mechanism was a
diversion of macrophage activation from wound healing to pro-inflammatory
(Liu 2019). Enhanced lung-pathology upon antibody-transfer was also ob-
served in a rabbit model of MERS (Houser 2017). In one case, the administra-
tion of convalescent plasma to MERS patients raised the possibility of acute
lung injury (Chun 2016).

The future development of anti-SARS-CoV-2 convalescent plasma should take
into account 1) the potential harms of the non-immune components of conva-
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lescent plasma (especially prothrombotic risks); 2) that only donor plasma
with detectable titers of neutralizing antibodies be given to trial participants;
3) ensure double-blind designs with placebo controls as the gold standard for
future trials; 4) preclude non-immune plasma as a control intervention, be-
cause of potential harms and availability of lower risk alternatives such as
normal saline (Pathak 2020).

In early January, a randomized, double-blind, placebo-controlled trial of con-
valescent plasma with high IgG titers against SARS-CoV-2 (n=160) found that
severe respiratory disease developed in 13 of 80 patients (16%) who received
convalescent plasma and 25 of 80 patients (31%) who received placebo
(Libster 2021). Find more information on CP in the Treatment chapter, page
359.

Monoclonal antibodies

The development of highly successful monoclonal antibody-based therapies
for cancer and immune disorders has created a wealth of expertise and manu-
facturing capabilities (Biopharma 2020) and neutralizing monoclonal antibod-
ies are now a plausible therapeutic option against infectious diseases
(Marston 2018). Monoclonal antibodies against rabies virus and against the
respiratory syncytial virus (RSV) are approved for the treatment of patients
and other monoclonal antibodies are in advanced stages of clinical trials
(Walker 2018). Both protective and pathogenic effects were observed (Wang Q
2016, Chen X 2020). The ‘COVID-19 antibodysphere’ features companies like
Amgen, AstraZeneca, Vir, Regeneron, Lilly and Adagio (Biopharma 2020).
However, the future role of monoclonal antibodies as a bridging solution be-
fore the general availability of vaccines and efficient antiviral drugs is un-
clear. These drugs are complex and expensive to produce, leaving people
from poor countries locked out (Ledford 2020, Ledford 2020b) and fears have
been voiced that they could split the world into the haves and have-nots, like
many other drugs before (Cohen 2020). Fortunately, these fears may not ma-
terialize. As soon as the first truly effective antiviral drugs become available -
as for HSV in 1981, HIV in 1996 and HCV in 2013 - there will be no need for
monoclonal antibodies anymore.

In 2020, SARS-CoV-2 neutralizing human monoclonal antibodies were in-
tensely studied (Robbiani 2020, Wec 2020, Ju B 2020, Cohen 2020) and it was
shown that REGN-CoV-2, a cocktail of two antibodies, might preclude the ap-
pearance of escape mutants (Baum 2020) and decrease virus-induced patho-
logical sequalae in rhesus macaques (Baum 2020b). In November, the FDA is-
sued an emergency use authorization for bamlanivimab (see page 354) and
later for the antibody cocktail casirivimab (REGN10933)/imdevimab
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(REGN10987) (see page 355) to be administered together for the treatment of
mild to moderate COVID-19 in patients of 12 years of age or older (weighing
at least 40 kilograms) who are at high risk for progressing to severe COVID-19
(65 years of age or older or certain chronic medical conditions. These anti-
bodies are not authorized for patients who are hospitalized due to COVID-19
or require oxygen therapy due to COVID-19. Find more details on monoclonal
antibodies in the Treatment chapter, page 354.

Issues to address during vaccine development

Rarely, vaccines can enhance disease rather than protect from disease (Kim
1969, Openshaw 2001). Some vaccine candidates against SARS-CoV-1 or MERS-
CoV have caused disease-intensifying immunopathological effects in some
pre-clinical models. Reassuringly, at least in the short term, results from the
Phase 1II trials did not show evidence of enhanced respiratory disease after
infection (Polack 2020, Voysey 2020, Baden 2020). Antibody-dependent en-
hanced infections may be unlikely because coronavirus diseases in humans
lack the clinical, epidemiological, biological, or pathological attributes of ADE
disease exemplified by dengue viruses (DENV) (Halstead 2020). In contrast to
DENV, SARS and MERS CoVs predominantly infect respiratory epithelium, not
macrophages.

Immunization with recombinant SARS-CoV spike (S) -coding modified
vaccinia virus Ankara (rMVA) causes hepatitis in ferrets.

Ferrets are susceptible to SARS-CoV and SARS-CoV-2 infections (Kim YI 2020).
Weingartl et al. immunized ferrets with a recombinant modified vaccinia vi-
rus Ankara (rMVA), which encoded the SARS-CoV S protein (Weingartl 2004).
After infection with the virus, high titers of neutralizing antibodies were de-
tectable in the immunized animals. Nevertheless, the immunized infected
ferrets developed severe hepatitis while the non-immunized did not
(Weingartl 2004).

Type 2 immunopathology in the lungs of immunized mice

Bolles et al. (Bolles 2011) immunized mice with inactivated SARS-CoV with or
without adjuvant. The vaccine protected young and old animals from morbid-
ity and mortality after infection with high doses of virus. If the mice were
infected with a heterologous virus strain, the immunized animals developed
more pronounced inflammatory infiltrates and pulmonary eosinophilia than
the non-immunized (Bolles 2011). These results were later confirmed by an-
other working group (Tseng CT 2012). Eosinophilic lung infiltrates were also
observed in mice after immunization with a recombinant baculovirus (S pro-
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tein) or coronavirus-like particles (VLPs) that expressed SARS-CoV S protein.
It is important to note that these are histopathological findings; the immun-
ized mice still had reduced virus titers after infection (Tseng CT 2012, Loku-
gamage 2008). Nevertheless, the findings are worrying. They are similar to
the histopathological changes seen in the 1960s in children who became ill
after immunization with a vaccine against RSV (Castilow 2007). Pathological
changes in the lungs and even pneumonia after infection with SARS-CoV were
also observed in mice in other SARS-CoV vaccine candidates (Yasui 2008).

Similar findings have been reported for vaccine candidates for MERS-CoV. An
inactivated MERS-CoV vaccine induced neutralizing antibodies in mice. Nev-
ertheless, after infection, the immunized mice developed an increased type 2
pathology in the lungs with increased eosinophilic infiltrates and increased
concentrations of IL-5 and IL-13 (Agrawal 2016). Recent studies suggest that
the development of type 2 immunopathology can be influenced by the choice
of appropriate adjuvants, e.g. TLR ligands, for inactivated viruses, or recom-
binant S protein can be avoided (Iwata-Yoshikawa 2014, Honda-Okubo 2015).

Overall, these findings are a clear indication that during the preclinical de-
velopment of vaccines against SARS-CoV-2, an intensive search should be
made for immunopathological changes in the lungs of the immunized ani-
mals. It is encouraging that many of the pre-clinical studies published to date
on SARS-CoV-2 vaccine candidates explicitly indicate that such changes have
been sought and not found.

Type 2 immunopathology in the lungs of immunized primates

In a recent study Chinese macaques were vaccinated with a modified vaccinia
Ankara (MVA) virus encoding full-length SARS-CoV S glycoprotein (ADS-
MVA) and challenged with SARS-CoV 8 weeks later (Liu 2019). Vaccination
induced high levels of antibodies and reduced virus loads. However, the vac-
cinated monkeys had diffuse alveolar damage (DAD) (Liu 2019). These findings
are similar to those of an earlier study in which macaques were immunized
with inactivated SARS-CoV. Three monkeys were protected upon challenge
whereas one macaque had lung pathology consistent with antibody-
dependent disease enhancement (ADE) (Wang Q 2016). The authors suspect
that only antibodies against certain SARS-CoV S epitopes induce the im-
munopathology. In the previously published SARS-CoV-2 vaccination studies
in monkeys, no lung pathology was observed (Gao Q 2020, Wang H 2020, van
Doremalen 2020).
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Questions for the Future

Despite the rapid and massive roll-out of highly effective vaccines, some im-
portant questions remain unanswered.

Correlates of Protection

Knowledge about the immune responses against SARS-CoV-2 is growing rap-
idly (Vabret 2020); it seems clear that neutralizing antibodies against the S
protein can mediate protection. SARS-CoV-2-specific T cells can also be pre-
sent in people without detectable antibodies against SARS-CoV-2 (Braun 2020,
Grifoni 2020, Sekine 2020). Preclinical studies on SARS (Li CK 2008) and MERS
(zhao J 2017) suggest that virus-specific CD4+ (Zhao J 2016) and CD8+
(Channappanavar 2014) T cells can be protective even in the absence of sero-
logically detectable antibodies (Tang F 2011). A challenge still needing to be
addressed is the fact that the elderly are most susceptible to the infection and
carry a particularly high risk for severe or lethal disease. Due to immunose-
nescence, the elderly are notoriously difficult to immunize, requiring usually
higher doses or particular immunization schemes in order to generate a pro-
tective immune response.

Longevity of the immunological memory against SARS-CoV-2

Ideally, a vaccine induces long-term immunity. In the context of the SARS-
CoV-2 pandemic, we will remember that infections with common cold coro-
naviruses generate only a short-lived immunity. Experiments from the 1980s
have shown that just one year after inoculation with coronavirus 229E, the
majority of the test subjects could be infected again. They did have milder
symptoms than non-inoculated subjects, so a certain protection was seen de-
spite renewed infection (Callow 1990).

Experience from the 2002-2004 SARS-CoV(-1) outbreak, too, suggest that
SARS-CoV-2 immune responses will be short-lived. Six years after having suf-
fered SARS disease, antibodies to SARS-CoV were no longer detectable in
21/23 patients (Tang F 2011). In contrast, SARS-CoV-specific T cells were still
detectable, which suggests the possibility that T cell memory against corona-
viruses may be more long-lasting than serological memory (Tang F 2011).
Similar findings have been described for the immune response after MERS
disease (Zhao J 2017); however, there is currently no reliable knowledge about
the longevity of T cell memory against SARS-CoV 2. There have been reports
of renewed SARS-CoV-2 infections after surviving the first infection (To KK
2020).
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After almost one year of research, the picture of immunological memory
against SARS-CoV-2 is becoming clearer. The kinetics of the neutralizing an-
tibody response to SARS-CoV-2 is typical of an acute viral infection where a
peak response is detected 3-4 weeks post-infection, which then wanes (Seow
2020). More than 90% of of infected individuals with mild-to-moderate
COVID-19 experience might develop robust IgG antibody responses against
the viral spike protein and titers will be relatively stable for months Anti-
spike binding titers correlate with neutralization of authentic SARS-CoV-2
(Gudbjartsson 2020, Wajnberg 2020, Alter 2020). Patients with a worse clinical
classification may have higher neutralizing antibody titer (Wang X 2020).

However, asymptomatic individuals have a weaker immune response to
SARS-CoV-2 infection than patients with severe COVID-19 (Long QX 2020) and
humoral immunity against SARS-CoV-2 may not be long-lasting in this large
group that composes the majority of infected persons (Ibarrondo 2020, Weis
2020). One group showed that in individuals who develop a low neutralizing
antibody response (ID,, 100-300), titers can return to baseline over a relative-
ly short period, whereas those who develop a robust neutralizing antibody
response maintain titers > 1,000 despite the initial decline (Seow 2020).

After Year 1 of the SARS-CoV-2 pandemic, we realize that although millions of
people were infected during spring 2020, there is no sizeable epidemic of re-
infections. This observation suggests that SARS-CoV-2 infection might confer
a solid immunity. Recently, Shane Crotty, Alessandro Sette, Daniela Weiskopf,
Jennifer Dan and colleagues have analyzed multiple compartments of circu-
lating immune memory to SARS-CoV-2 in 188 COVID-19 cases, including 43
cases at > 6 months post-infection. The result: Spike-specific memory B cells
were more abundant at 6 months than at 1 month post symptom onset. SARS-
CoV-2-specific CD4" T cells and CD8" T cells declined with a half-life of 3-5
months (Dan 2020). These findings suggest that after SARS-CoV-2 infection
(or after vaccination), the vast majority of people could be protected from
severe COVID-19 for years.

Pre-existing immune responses against SARS-CoV-2

SARS-CoV-2-specific CD4+ and CD8+ T lymphocytes can be detected in around
20 to 100% of non-exposed healthy volunteers (Braun 2020, Grifoni 2020,
Mateus 2020, Bacher 2020). It has been speculated that these cross-reactive T
lymphocytes could be protective against SARS-CoV-2 or influence the course
of the disease. As a matter of fact, it is known that cross-reactive T cells can
influence the course of viral infections both positively and negatively (Ngono
2018). Antibodies that neutralize SARS-CoV-2 have also been detected in un-
infected and non-exposed healthy volunteers (Ng KW 2020).
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We might not rely on protection without exposure, though. In a recently pub-
lished pre-print study from Rockefeller University, the authors measured
neutralizing activity against SARS-CoV-2 in pre-pandemic sera from patients
with prior PCR-confirmed seasonal coronavirus infection. While neutralizing
activity against seasonal coronaviruses was detected in nearly all sera, cross-
reactive neutralizing activity against SARS-CoV-2 was undetectable (Posten
2020). The authors conclude that while it is possible that there are rare in-
stances of individuals possessing antibodies from prior seasonal HCoV infec-
tion who may be able to also target SARS-CoV-2 S, their data would argue
against a broad role for pre-existing protective humoral immunity against
SARS-CoV-2.

Recently, a provocative concept was introduced by Alexander Scheffold and
colleagues. The authors propose the immunological age as an independent
risk factor for developing severe COVID-19 (Bacher 2020). Their reasoning:

1. Unexposed individuals harbor SARS-CoV-2-specific memory T cells
with marginal cross-reactivity to common cold corona and other un-
related viruses.

2. Low avidity pre-existing T cell memory negatively impacts on the T
cell response against neoantigens such as SARS-CoV-2, which may
predispose to developing inappropriate immune reactions especially
in the elderly.

Find more about this topic in the 7 edition of COVID Reference.

Outlook

This rapid development of SARS-CoV-2 vaccines is the result of a massive
global effort, including the parallelization of development and production
steps that have traditionally been carried out sequentially (Lurie 2020), the
knowledge generated in attempts to develop vaccines against SARS-CoV-1
and MERS-CoV, and innovative techniques (Hekele 2013) that were not avail-
able until recently. The speed of SARS-CoV-2 vaccine development was
breathtaking. On 11 January 2020 Chinese researches published the sequence
of the SARS-CoV-2 genome on the internet. Approximately 2 months later, on
16 March, an mRNA-based vaccine entered a Phase I clinical trial (Arnold
2020). Earlier work had identified the S protein of SARS-CoV and MERS-CoV
as a suitable vaccine target. The S protein binds to its cellular receptor, ACE2,
to infect human cells. With the sequencing of the genome of SARS-CoV-2, the
high homology between the S proteins of the 3 viruses was known and a little
later the interaction of SARS-CoV-2 with ACE was confirmed (Hoffmann 2020).
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A relevant target structure for immune responses was identified in record
time.

In less than a year, we have characterized a novel illness, sequenced a new
viral genome, developed diagnostics, produced treatment protocols, and es-
tablished the efficacy of drugs and vaccines in randomized controlled trials
(Editorial 20201121). More people will be able to get vaccinated more quickly
than ever before. If we can achieve some kind of pre-COVID-19 ‘normalcy’ by
2022, it would be an historical feat remembered by generations.

Nobody should forget: vaccines are the most potent medical products of all
time to prevent morbidity and mortality. Over the last two centuries, no oth-
er medical intervention has saved as many lives. Without vaccines, many of
today’s anti-vaccine activists (Burki 2020) would not have been born (and
maybe neither you nor me) because of lack of ancestors - one or more of
them would have succumbed to infectious disease before reaching mating
age. Vaccines train the body’s immune system to recognize and fight patho-
gens and on the next exposure to the pathogen, the immune system is ready
to fight the invader off. The vaccination procedure is simple: introduce cer-
tain molecules from the pathogen into the body - the mass equivalent of a
few grains of fine salt - and trigger an immune response. Vaccines are ‘ele-
gant medicine’ - they prevent rather than treat a disease.

At the end of this COVID Year One, virology, biologic chemistry and immu-
nology are the celebrated fields of medicine. Virology explores the structure
and functioning of the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and, together with biologic chemistry, prepares the terrain for
future drug development. In the meantime, immunology explores the virus-
human interface and describes how the human body fights back and forms a
memory after the first encounter with SARS-CoV-2: it examines why most
people recover from the infection while a few die and other remain disabled,
and it contributes to the understanding of the biological mechanisms that
lead to illness and death. Why do older people die from COVID-19 while
younger people don’t? Why are people with hypertension, diabetes or obesity
at increased risk of severe COVID-19?7 Immunology also tries to elucidate the
mystery of superspreader individuals, those few acutely SARS-CoV-2 infected
people who are thought to be responsible for the vast majority of transmis-
sions. Finally, immunology will spin out the most powerful antiviral weapon:
vaccines.

For quite some time, the SARS-CoV-2 pandemic will continue to be a colossal
challenge for healthcare systems and societies. It is also the time of the ‘Great
Rehearsal’. By coordinating global resources and supra-national structures to
react swiftly, science is currently creating the infrastructure to fight any oth-
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er new and potentially far deadlier viral disease that emerges in the future.
SARS-CoV-2 is not the last pathogen humanity will have to deal with in the
21* century and more enzootic viruses will jump from their animal reservoirs
to humans. After this pandemic, hopefully we will be better prepared for fu-
ture challenges, with new vaccine platforms that can be quickly adapted to
newly emerging viral diseases. There is even a final twist to the unexpected
events of 2020: the SARS-CoV-2 pandemic is opening up a new era of vaccine
development. In 10 years we can expect to have a wide range of new and in-
novative vaccines (Dolgin 2021) we would not have dared to previously dream

of.
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7. Diagnostic Tests and Procedures

Christian Hoffmann

Diagnosis

Rapid identification and isolation of infected individuals is crucial. Diagnosis
is made using clinical, laboratory and radiological features. As symptoms and
radiological findings of COVID-19 are non-specific, SARS-CoV-2 infection has
to be confirmed by nucleic acid-based polymerase chain reaction (PCR), am-
plifying a specific genetic sequence in the virus. Within just a few days after
the first cases were published, a validated diagnostic workflow for SARS-CoV-
2 was presented (Corman 2020), demonstrating the enormous response capac-
ity achieved through coordination of academic and public laboratories in na-
tional and European research networks.

There is an interim guidance for diagnostic testing for COVID-19 in suspected
human cases, published by WHO in March and updated on September 11, 2020
(WHO 20200911). Several comprehensive up-to-date reviews of laboratory
techniques in diagnosing SARS-CoV-2 have been published recently (Kilic
2020, Loeffelholz 2020).

According to WHO, the decision to test “should be based on both clinical and
epidemiological factors”, in order to support clinical management of patients
and infection control measures. In symptomatic patients, a PCR test should be
immediately carried out, especially for medical professionals with symptoms.
In particular, this applies to nursing homes and other long-term facilities
where large outbreaks with high resident mortalty may occur. In these set-
tings, every day counts: both residents and health-care workers should be
tested immediately. In regression analyses among 88 nursing homes with a
documented case before facility-wide testing occurred, each additional day
between identification of the first case and completion of facility-wide testing
was associated with identification of 1.3 additional cases (Hatfield 2020).
However, the predictive value of the tests markedly varies with time from
exposure and symptom onset. The false-negative rate is lowest 3 days after
onset of symptoms, or approximately 8 days after exposure (see below).

In settings with limited resources, however, patients should only be tested if a
positive test results in imperative action. It does not necessarily make sense
to attempt to ascertain the prevalence of infection by PCR. For example, in a
family which was put on quarantine after the infection was confirmed in one
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member, not all household contacts have to be tested, especially younger per-
sons with only mild symptoms.

For many countries and regions, there are constantly updated recommenda-
tions by authorities and institutions about who should be tested by whom and
when: these recommendations are constantly changing and have to be
adapted to the local epidemiological situation. The lower the infection rates
and the higher the testing capacities, the more patients will be able to be
tested.

Specimen collection
Respiratory tract

SARS-CoV-2 can be detected in a wide range of different tissues and body flu-
ids. In a study on 1,070 specimens collected from 205 patients with COVID-19
(Wang X 2020), bronchoalveolar lavage fluid specimens showed the highest
positive rates (14 of 15; 93%), followed by sputum (72 of 104; 72%), nasal swabs
(5 of 8; 63%), fibrobronchoscopy brush biopsy (6 of 13; 46%), pharyngeal
swabs (126 of 398; 32%), feces (44 of 153; 29%), and blood (3 of 307; 1%).

Though respiratory secretions may be quite variable in composition, respira-
tory samples remain the sample type of choice for diagnostics. Viral replica-
tion of SARS-CoV-2 is very high in upper respiratory tract tissues which is in
contrast to SARS-CoV (Wolfel 2020). According to WHO, respiratory material
for PCR should be collected from upper respiratory specimens (nasopharyn-
geal and oropharyngeal swab or wash) in ambulatory patients (WHO 2020). It
is preferred to collect specimens from both nasopharyngeal and oropharyn-
geal swabs which can be combined in the same tube. Besides nasopharyngeal
swabs, samples can be taken from sputum (if producible), endotracheal aspi-
rate, or bronchoalveolar lavage. It is likely that lower respiratory samples are
more sensitive than nasopharyngeal swabs. Especially in seriously ill patients,
there is often more virus in the lower than in the upper respiratory tract
(Huang 2020). However, there is always a high risk of “aerosolization” and
thus the risk that staff members become infected.

A prospective study in two regional hospitals in Hong Kong examined 563
serial samples collected during the viral shedding period of 50 patients: 150
deep throat saliva (DTS), 309 pooled nasopharyngeal (NP) and throat swabs,
and 104 sputum (instructions for deep throat saliva: first clear your throat by
gargling with your own saliva, and then spit out the DTS into a sterile bottle).
Deep throat saliva produced the lowest viral RNA concentration and a lower
RT-PCR positive rate compared to conventional respiratory specimens. Buccal
swabs do not work well either. In 11 children positive via nasopharyngeal
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swabs, 2 remained negative via buccal swabs. There was a general trend for
buccal specimens to contain lower SARS-CoV-2 viral loads compared with
nasopharyngeal specimens (Kam 2020).

Nasopharyngeal swabs - practical issues

It is important to carry out the swab process correctly. Both nasopharynx and
oropharyngeal swabs have a number of error options that all can lead to false
negative results. In addition, protective measures must be taken in order not
to endanger the examiner. Every swab carries a high risk of infection! Respir-
atory protection, protective glasses, gowns and gloves are required. The cor-
rect putting on and taking off of protective clothing should be practiced!
Many mistakes occur even just removing the protective mask. Gathering
specimens from nasopharyngeal and throat swabs can cause discomfort for
patients and put health-care workers at risk. If not performed properly or in
patients with complex and delicate anatomy, there is a risk for adverse events
such as cerebrospinal fluid leak (Sullivan 2020). There is a very useful video
on protection, preparation, equipment, handling, removing personal protec-
tive equipment, etc (Marty 2020).

For the smear, the patient should sit on a chair and put his head slightly back.
The examiner should stand at a slightly offset position in order to avoid any
possible cough droplet. Tell the patient that it might be uncomfortable for a
short time. Swabs should be used that are suitable for virus detection and
have the most flexible plastic shaft possible. Wooden sticks can inactivate
viruses and pose a high risk of injury. The swab should be held between
thumb and forefinger, like a pencil, so the end should not touch anything.
The posterior wall of the nasopharynx is often reached after 5-7 cm, indicated
by a slight resistance. Mid-turbinate nasal swabs may be less sensitive
(Pinninti 2020). Touching the teeth and tongue should be avoided when tak-
ing a throat swab; the swab should be removed from the back wall, directly
next to the uvula. Caution with the gag reflex! There is a wealth of practical
videos on the internet for the correct execution of the swab process.

In order to minimize the exposure risk to health care workers and depletion
of personal protective equipment, we have established swab instructions for
patients who are able to do this (ie, most of them!) at home. After appropriate
instruction, they can perform the swabs themselves. A courier with the tubes
is sent directly to the patient's home, and the courier places the tubes at the
door. Direct contact between patient and courier should be avoided. The swab
tubes should not be touched by the courier (either put them directly in a bag
or collect them with an inverted bag) and should be brought back directly (no
mailing!). This requires prior, precise instruction, but is usually quite feasible.
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Unsupervised home swab collection was comparable to clinician-collected
nasopharyngeal swab collection (McCulloch 2020). In one of the largest stud-
ies to date, a total of 530 patients with upper respiratory infection were pro-
vided with instructions and asked to collect tongue, nasal, and mid-turbinate
samples (Tu 2020). A nasopharyngeal sample was then collected from the pa-
tient by a healthcare worker. When this NP sample was used as the compara-
tor, the estimated sensitivities of the tongue, nasal, and mid-turbinate sam-
ples collected by the patients were 89.8%, 94.0% and 96.2%, respectively.

The swabs can be stored dry or in a small amount of NacCl solution; if neces-
sary, this should be clarified with the laboratory beforehand. Quick PCR ex-
amination is important, preferably on the same day if possible. Heat and
longer storage can lead to false negative results (Pan 2020).

Lower respiratory specimens may include sputum (if produced) and/or endo-
tracheal aspirate or bronchoalveolar lavage in patients with more severe res-
piratory disease. However, a high risk of aerosolization should be considered
(adhere strictly to infection prevention and control procedures). Additional
clinical specimens may be collected as COVID-19 virus has been detected in
blood and stools (see below).

In contrast to many respiratory viruses, SARS-CoV-2 is present in saliva and
several studies have shown that posterior oropharyngeal (deep throat) saliva
samples are feasible and more acceptable to patients and healthcare workers
(To 2020, Yu 2020, Wyllie 2020, Yokota 2020). In a large study on “enhanced”
saliva specimens (strong sniff, elicited cough, and collection of sali-
va/secretions) from 216 patients with symptoms deemed consistent with
COVID-19, there was a 100% positive agreement (38/38 positive specimens)
and 99.4% negative agreement (177/178 negative specimens).

Fecal shedding

Although no cases of transmission via fecal-oral route have yet been report-
ed, there is also evidence that SARS-CoV-2 is actively replicating in the gas-
trointestinal tract. Several studies showed prolonged presence of SARS-CoV-2
viral RNA in fecal samples (Chen 2020, Wu 2020). Combining results of 26
studies, a rapid review revealed that 54% of those patients tested for fecal
RNA were positive. Duration of fecal viral shedding ranged from 1 to 33 days
after a negative nasopharyngeal swab (Gupta 2020). In another meta-analysis
of 17 studies, the pooled detection rate of fecal SARS-CoV-2 RNA was 44% and
34% by patient and number of specimens, respectively. Patients who present-
ed with gastrointestinal symptoms (77% vs. 58%) or with a more severe dis-
ease (68% vs. 35%) tended to have a higher detection rate.
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These studies have raised concerns about whether patients with negative
pharyngeal swabs are truly virus-free, or sampling of additional body sites is
needed. However, the clinical relevance of these findings remains unclear and
there is one study that did not detect infectious virus from stool samples, de-
spite having high virus RNA concentrations (Wolfel 2020). Therefore, the
presence of nucleic acid alone cannot be used to define viral shedding or in-
fection potential (Atkinson 2020). For many viral diseases including SARS-CoV
or MERS-CoV, it is well known that viral RNA can be detected long after the
disappearance of infectious virus.

Specimens other than respiratory and gastrointestinal: blood, urine,
breast milk

¢ Blood - in patients with mild or moderate disease, SARS-CoV-2 is relative-
ly rarely detected in blood (Wang W 2020, Wolfel 2020). In a screening
study of 7,425 blood donations in Wuhan, plasma samples were found pos-
itive for viral RNA from 2 asymptomatic donors (Chang 2020). Another
study from Korea found seven asymptomatic blood donors who were later
identified as COVID-19 confirmed cases. None of 9 recipients of platelets
or red blood cell transfusions tested positive for SARS-CoV-2 RNA. Trans-
fusion transmission of SARS-CoV-2 was considered to be unlikely (Kwon
2020). As with feces, it remains unclear whether detectable RNA in the
blood signifies infectivity. In a study of 167 hospitalized patients, SARS-
CoV-2 was found in 64 patients at hospital admission, 3 of 106 serum PCR
negative patients and 15 of 61 positive patients died (Hagman 2020). How-
ever, the clinical significance of SARS-CoV-2 “RNAemia” needs to be de-
fined.

¢ Urine - None of 72 urine specimens tested positive (Wang X 2020).

e Breast milk - in a case report, SARS-CoV-2 RNA was detected in breast
milk samples from an infected mother on 4 consecutive days. Detection of
viral RNA in milk coincided with mild COVID-19 symptoms and a
SARS-CoV-2 positive diagnostic test of the newborn (Grof3 2020). However,
this seems to be rare. Among 64 breast milk samples from 18 infected
women, SARS-CoV-2 RNA was detected in only one milk sample; the viral
culture for that sample was negative. These data suggest that SARS-CoV-2
RNA does not represent replication-competent virus and that breast milk
may not be a source of infection for the infant (Chambers 2020. Case re-
ports of transmitted antibodies in breast milk have also been reported
(Dong 2020).
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e Vaginal fluid - all samples of 10 women with COVID-19 were negative
(Saito 2020).

e Semen - Absence of virus in samples collected from 12 patients in their
recovery phase (Song 2020).

e Tears and conjunctival secretions - among 40 patients (10 with conjuncti-
vitis) who tested positive by RT-PCR of nasopharyngeal and oropharyngeal
swabs, conjunctival swab PCR was positive for 3 patients, among them one
with conjunctivitis (Atum 2020). In another study, no SARS-CoV-2 was
found in tears (Meduri 2020).

PCR

Dozens of in-house and commercial rRT-PCR assays are available as labs
worldwide have customized their PCR tests for SARS-CoV-2, using different
primers targeting different sections of the virus’s genetic sequence. A review
of different assays and diagnostic devices was recently published (Loeffelholz
2020). A protocol for real-time (RT)-PCR assays for the detection of SARS-CoV-
2 for two RdRp targets (IP2 and 1P4) is described at
https://www.who.int/docs/default-source/coronaviruse/real-time-rt-pcr-
assays-for-the-detection-of-sars-cov-2-institut-pasteur-
paris.pdf?sfvrsn=3662fcb6_2

Novel real-time RT-PCR assays targeting the RNA-dependent RNA polymerase
(RdRp)/helicase, spike and nucleocapsid genes of SARS-CoV-2 may help to
improve the laboratory diagnosis of COVID-19. Compared to the reported
RdRp-P2 assay which is used in most European laboratories, these assays do
not cross-react with SARS-CoV in cell culture and may be more sensitive and
specific (Chan JF 2020).

The limits of detection of commercial kits may differ substantially. However,
most comparative studies have shown a high sensitivity and their suitability
for screening purposes worldwide:

e In a comparison of 11 different RT-PCR test systems used in seven labs in
Germany in March 2020, the majority of RT-PCR assays detected ca 5 RNA
copies per reaction (Miinchhoff 2020). A reduced sensitivity was noted for
the original Charité RdRp gene confirmatory protocol, which may have
impacted the confirmation of some cases in the early weeks of the pan-
demic. The CDC N1 primer/probe set was sensitive and robust for detec-
tion of SARS-CoV-2 in nucleic acid extracts from respiratory material,
stool and serum from COVID-19 patients.
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e Analytical limits of detection for seven SARS-CoV-2 assays using serial
dilutions of pooled patient material quantified with droplet digital PCR.
Limits of detection ranged from = 10 to 74 copies/ml for commercial high-
throughput laboratory analyzers (Roche cobas, Abbott m2000, and Hologic
Panther Fusion) and 167 to 511 copies/ml for sample-to-answer (DiaSorin
Simplexa, GenMark ePlex) and point-of-care instruments (Abbott ID NOW)
(Fung 2020).

o A total of 239 specimens (168 contained SARS-CoV-2) were tested by five
test methods (Procop 2020). The assays that lacked a nucleic acid extrac-
tion step produced more false-negative reactions than assays that includ-
ed this step. The false-negative rates were 0% for the CDC 2019 nCoV Real-
Time RT-PCR Diagnostic Panel, 3,5% for TIB MOLBIOL Assay (Roche), 2,4%
for Xpert Xpress SARS-CoV-2 (Cepheid), 11,9% for Simplexa COVID-19 Di-
rect Kit (DiaSorin), and 16,7% for the ID NOW COVID-19 (Abbott). Most
false negatives were seen in patients with low viral loads.

Qualitative PCR

A qualitative PCR (“positive or negative”) is usually sufficient in routine diag-
nostics. Quantification of viral RNA is currently (still) only of academic inter-
est.

False positive results are very rare. However, they do occur. Though the ana-
lytical specificity of these tests is usually 100%, the clinical specificity is less,
due to contamination (a significant problem for NAT procedures) and/or hu-
man error in the handling of samples or data (very hard to eliminate entire-
ly). As seen with serology (see below), these false positive results can have
substantial effects when prevalence is low (Andrew Cohen, personal commu-
nication).

Most PCR assays are designed to detect two or more specific target gene re-
gions. Rarely, an inconclusive result can occur when only one of the targets is
detected (< 1%). There are quantitative algorithms to assess and interpret
inconclusive PCR results, by combining laboratory, clinical, and epidemiolog-
ic data (Yang S 2020).

Another problem of any qualitative PCR is false negative results which can
have many causes (review: Woloshin 2020). Incorrect smears are particularly
common, but laboratory errors also occur. In a review of 7 studies with a total
of 1,330 respiratory samples, the authors estimated the false-negative rate of
RT-PCR by day since infection. Over the 4 days before symptom onset, the
rate decreased from 100% to 67%. On the day of symptom onset (day 5), the
rate was 38%, decreasing to 20% (day 8) and then beginning to increase again
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from 21% (day 9) to 66% (day 21). If clinical suspicion is high, infection should
not be ruled out on the basis of RT-PCR alone. The false-negative rate is low-
est 3 days after onset of symptoms, or approximately 8 days after exposure
(Kucirka 2020). Figure 1 illustrates PCR and antibody detection during SARS-
CoV-2 infection.

Detection unlikely PCR - Likely negative

[ week2 | week-1 Week 1 |  Week2 Week 3 Weeka | Weeks | Week

Symptom onset

PCR === Nasopharyngeal swab === Bronchoalveolar lavage/sputum AB IgG

Virus isolation from respiratory tract Stool == IgM

Figure 1. Timeline of diagnostic markers for detection of SARS-CoV-2. AB = Antibody.

Do we need to re-test in the case of a negative PCR? Several studies argue
against this strategy, finding very low rates of negative-to-positive conver-
sion with repeated testing (Lepak 2020). Among 20.912 patients, one study
analyzed the frequency of SARS-CoV-2 RT-PCR test discordance among indi-
viduals initially testing negative by nasopharyngeal swab who were retested
on clinical grounds within 7 days. The frequency of subsequent positivity
within this window was only 3,5% and similar across institutions (Long 2020).
It appears that if the first PCR is negative, a second PCR only yields a small
number of positive results.

Several studies have shown that asymptomatic patients also have positive
PCR results and can transmit the virus (Bai 2020, Cereda 2020, Rothe 2020).
The cycle threshold values of RT-PCR for SARS-CoV-2 (“viral load”) in asymp-
tomatic patients are similar to those in symptomatic patients (Lee S 2020,
Lavezzo 2020).

In symptomatic patients, viral shedding may begin 2 to 3 days before the ap-
pearance of the first symptoms. Analyzing a total of 414 throat swabs in 94
patients, the highest viral load in throat swabs was found at the time of symp-
tom onset. Infectiousness started from 2,3 days (95% CI, 0,8-3,0 days) before
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symptom onset and peaked at 0,7 days before symptom onset (He 2020). In-
fectiousness was estimated to decline quickly within 7 days.

In a cohort of 113 symptomatic patients, the median duration of detection of
SARS-CoV-2 RNA was 17 days (interquartiles 13-22 days), measured from the
onset of the disease. In some patients, PCR was positive even longer: male
gender and a severe course (invasive mechanical ventilation) were independ-
ent risk factors for prolonged shedding (Xu K 2020). It is of note that immun-
ocompromised patients may shed infectious virus for longer durations than
previously recognized. In some of these patients, shedding of infectious SARS-
CoV-2 was observed for up to 3-5 months or even longer (Avanzato 2020, Choi
2020).

Several reports from patients have repeatedly gained much media attraction,
showing positive results after repeated negative PCR and clinical recovery
(Lan 2020, Xiao AT 2020, Yuan 2020). These studies have raised the question of
re-activation or re-infection of COVID-19 (see below, chapter Clinical Presenta-
tion, page 279). However, it seems probable that the results are much more
likely due to methodological problems (Li 2020). At low virus levels, especially
during the final days of infection, the viral load can fluctuate and sometimes
be detectable, sometimes not (Wolfel 2020). Reactivation, and also a rapid
reinfection would be very unusual for coronaviruses. In a study on na-
sal/oropharyngeal swab samples of 176 recovered patients with no fever and
with 2 negative RT-PCR results for SARS-CoV-2 RNA 24 hours apart, 32 of 176
samples (18%) tested positive for total SARS-CoV-2 RNA. All had low viral
loads and only one of the 32 samples (3,1%) had replicative SARS-CoV-2 RNA
(Liotti 2020).

Quantification of viral load

Several studies have evaluated the SARS-CoV-2 viral load in different speci-
mens. In a small prospective study, the viral load in nasal and throat swabs
obtained from 17 symptomatic patients was analyzed in relation to day-of-
onset of any symptoms (Zou 2020). Of note, the viral load detected in asymp-
tomatic patients was similar to that in symptomatic patients, which suggests
the transmission potential of asymptomatic or minimally symptomatic pa-
tients.

In another study on 82 infected individuals, the viral loads in throat swab and
sputum samples peaked at around 5-6 days after symptom onset, ranging
from around 79.900 copies/ml in the throat to 752,000 copies per mL in spu-
tum (Pan 2020). In a study on oropharyngeal saliva samples, unlike SARS, pa-
tients with COVID-19 had the highest viral load near presentation, which
could account for the fast-spreading nature of this epidemic (To 2020). The
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median viral load in posterior oropharyngeal saliva or other respiratory spec-
imens at presentation was 5.2 log,, copies per mL (IQR 4.1-7.0) in this study. In
a total of 323 samples from 76 patients, the average viral load in sputum
(17.429 copies/test) was significantly higher than in throat swabs (2552 cop-
ies) and nasal swabs (651 copies). Viral load was higher in the early and pro-
gressive stages than in the recovery stage (Yu 2020). According to a recently
published study, viral shedding may already begin 2-3 days before the ap-
pearance of the first symptoms and the infectiousness profile may more
closely resemble that of influenza than of SARS (He 2020).

Higher viral loads might be associated with severe clinical outcomes. In a
large cohort (n = 1145) of hospitalized, symptomatic patients from New York,
viral loads were measured. In a Cox proportional hazards model adjusting for
several confounders, there was a significant independent association between
viral load and mortality (hazard ratio 1.07, 95% CI 1.03-1.11, p = 0,0014), with
a 7% increase in hazard for each log transformed copy/mL (Pujadas 2020).
However, prospective trials are needed to evaluate the role of SARS-CoV-2
viral load as a marker for assessing disease severity and prognosis.

Should we measure viral load? Probably yes. It may be helpful in clinical prac-
tice. A positive RT-qPCR result may not necessarily mean the person is still
infectious or that they still have any meaningful disease. The RNA could be
from non-viable virus and/or the amount of live virus may be too low for
transmission.

Cycle threshold (Ct) values

RT-qPCR provides quantification by first reverse transcribing RNA into DNA,
and then performing qPCR where a fluorescence signal increases proportion-
ally to the amount of amplified nucleic acid. The test is positive if the fluores-
cence reaches a specified threshold within a certain number of PCR cycles (Ct
value, inversely related to the viral load). Many qPCR assays use a Ct cut-off of
40, allowing detection of very few starting RNA molecules. Some experts
(Tom 2020) suggest using this Ct value or to calculate viral load which can
help refine decision-making (shorter isolation, etc). Unfortunately, there is
still a wide heterogeneity and inconsistency of the standard curves calculated
from studies that provide Ct values from serial dilution samples and the esti-
mated viral loads. According to other experts, precautions are needed when
interpreting the Ct values of SARS-CoV-2 RT-PCR results shown in COVID-19
publications to avoid misunderstanding of viral load kinetics for comparison
across different studies (Han 2020). Caution is needed when regarding Ct val-
ues as a surrogate indicator of ‘quantity’ in a qualitative PCR assay (“viral
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load”). Results are not transferable across different assays, different gene
targets and different specimen types (Poon 2020).

However, some clinical key studies are listed here:

e In 678 patients with COVID-19, in-hospital mortality was 35,0% with a
“high viral load” (Ct < 25; n = 220), 17,6% with a “medium viral load” (Ct
25-30; n = 216), and 6,2% with a “low viral load” (Ct > 30; n = 242). High vi-
ral load was independently associated with mortality (adjusted odds ratio
6.05; 95% CI: 2.92-12.52) and intubation (aOR 2,73; 95% CI: 1,68-4,44) in
multivariate models (Magleby 2020).

e A prospective serial sampling of 70 patients revealed clinically relevant Ct
values, namely a Ct of 24 (“high viral load”), and > 40 (“negative”), oc-
curred 9 and 36 days after symptom onset (Lesho 2020).

e Among 93 household members (including index cases) who tested positive
for SARS-CoV-2 by NP swab, Ct values were lowest soon after symptom on-
set and were significantly correlated with time elapsed since onset; within
7 days after symptom onset, the median Ct value was 26,5, compared with
a median Ct value of 35,0 at 21 days after onset (Salvatore 2020).

e Virus culture was attempted from 324 samples (from 253 cases) that tested
positive for SARS-CoV-2 by RT-PCR. Ct values correlated strongly with cul-
tivable virus. Probability of culturing virus declined to 8% in samples with
Ct>35 and to 6% (95% CI: 0,9-31,2%) 10 days after onset (Singanayagam
2020).

e A cross-sectional study determined PCR positive samples for their ability
to infect cell lines. Of 90 samples, only 29% demonstrated viral growth.
There was no growth in samples with a Ct > 24 or duration of symptoms >
8 days (Bullard 2020).

Test systems other than conventional RT-PCR

Access to rapid diagnosis is key to the control of the SARS-CoV-2 pandemic. In
the future, point-of-care testing could relieve pressure on centralized labora-
tories and increase overall testing capacity. Besides PCR, additional potential-
ly valuable amplification/detection methods, such as CRISPR (targeting clus-
tered regularly interspaced short palindromic repeats), isothermal nucleic
acid amplification technologies (e.g. reverse transcription loop-mediated iso-
thermal amplification (RT-LAMP), and molecular microarray assays are under
development or are in the process of being commercialized. According to
WHO on September 11, validation of the analytic and clinical performance of
these assays, demonstration of their potential operational utility, rapid
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sharing of data, as well as emergency regulatory review of manufactur-
able, well-performing tests “are encouraged to increase access to SARS-CoV-2
testing” (WHO 20200911).

Point-of-care tests

Point-of-care tests are easy-to-use devices to facilitate testing outside of la-
boratory settings (Guglielmi 2020, Joung 2020). They are eagerly awaited. But
will they be game changers? On May 6, the FDA granted an emergency use
authorization for a CRISPR-based SARS-CoV-2 fluorescent assay marketed by
Sherlock Biosciences. This straightforward SARS-CoV-2 test combines simpli-
fied extraction of viral RNA with isothermal amplification and CRISPR-
mediated detection. The results are available within an hour with minimal
equipment. First results (n = 202 positive/200 negative samples): sensitivity
93,1%, specificity 98,5% (Joung 2020). However, its use still remains limited to
laboratories certified to perform high-complexity tests. There are other re-
ports of an all-in-one dual CRISPR-Cas12a assay (Ding 2020) which allows all
components to be incubated in one pot for CRISPR-based nucleic acid detec-
tion, enabling simple, all-in-one molecular diagnostics without the need for
separate and complex manual operations.

On May 6, FDA also authorized (EUA) Quidel’s Sofia 2 SARS Antigen Fluores-
cent Immunoassay. This test must be read on a dedicated analyzer and de-
tects SARS-CoV-2 nucleocapsid protein from nasopharyngeal swabs in 15 min.
According to the manufacturer, the assay demonstrated acceptable clinical
sensitivity and detected 47/59 infections (80%). In another study, the so called
CovidNudge test had 94% sensitivity and 100% specificity when compared
with standard laboratory-based RT-PCR (Gibani 2020). In other studies, sensi-
tivity was much lower. The BIOCREDIT COVID-19 antigen test was 10.000 fold
less sensitive than RT-PCR and detected between 11,1 % and 45,7% of RT-PCR-
positive samples from COVID-19 patients (Mak 2020).

Besides antigen tests, several rapid nucleic acid amplification tests have been
recently released (Collier 2020). The Abbott ID NOW COVID-19 assay (using
isothermal nucleic acid amplification of the RdRp viral target) is capable of
producing positive results in as little as 5 minutes. In one stuy, results were
compared with RT-PCR Cepheid Xpert Xpress SARS-CoV-2 using nasopharyn-
geal swabs (Basu 2020). Regardless of method of collection and sample type,
the rapid test had negative results in a third of the samples that tested posi-
tive by PCR when using nasopharyngeal swabs in viral transport media and
45% when using dry nasal swabs. Such “Reverse Transcription Loop-Mediated
Isothermal Amplification” tests (RT-LAMP) could be used outside of a central
laboratory on various types of biological samples. They can be completed by
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individuals without specialty training or equipment and may provide a new
diagnostic strategy for combating the spread of SARS-CoV-2 at the point-of-
risk (Lamb 2020).

Given the low (or still unproven) sensitivity, these tests may mainly serve as
an early adjunctive tool to identify infectious individuals very rapidly, i.e. in
the emergency unit. These tests help to avoid bed closure, allow discharge to
care homes and expedite access to hospital procedures. Some experts are
even more optimistic: the frequent use of cheap, simple, rapid tests is essen-
tial, even if their analytic sensitivities are vastly inferior to those of bench-
mark tests. The key question is not how well molecules can be detected in a
single sample - but how effectively infections can be detected in a population
by the repeated use of a given test as part of an overall testing strategy - the
sensitivity of the testing regimen (Mina 2020).

Diagnosis in the setting of a shortage of PCR test kits

There is no doubt that the overall goal must be to detect as many infections
as possible. However, in many countries, a shortage of supply test kits does
not meet the needs of a growing infected population. Especially in low-
prevalence settings, sample pooling is an option to reduce costs and speed
results. In this approach, small volumes of samples from multiple patients are
combined into a single test, resulting in substantial reagent savings. Several
studies have shown that 5-10 samples can be pooled, without compromising
the results (Ben-Ami 2020, Schmidt 2020). However, pooling is not that trivial
(Mallapaty 2020). There are several caveats and careful and rigorous investi-
gation is necessary to assure that the pooling of specimens does not impact
the analytical sensitivity of the assay (review: Clark 2020).

Some studies have investigated whether the diagnosis in high prevalence pe-
riods and countries can be made without PCR detection if necessary. A large
retrospective case-control study from Singapore has evaluated predictors for
SARS-CoV-2 infection, using exposure risk factors, demographic variables,
clinical findings and clinical test results (Sun 2020). Even in the absence of
exposure risk factors and/or radiologic evidence of pneumonia, clinical find-
ings and tests can identify subjects at high risk of COVID-19. Low leukocytes,
low lymphocytes, higher body temperature, higher respiratory rate, gastroin-
testinal symptoms and decreased sputum production were strongly associat-
ed with a positive SARS-CoV-2 test. However, those preliminary prediction
models are sensitive to the local epidemiological context and phase of the
global outbreak. They only make sense during times of high incidence. In
other words: if I see a patient during the peak of an epidemic presenting with
fever, cough, shortness of breath and lymphopenia, I can be almost sure that
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this patient suffers from COVID-19. During phases when the incidence is low-
er, these models do not make sense. There is no doubt that the nucleic acid
test serves as the gold standard method for confirmation of infection. When-
ever PCR is available, PCR should be performed.

Serology (antibody testing)

Detection of past viral infections by looking for antibodies an infected person
has produced will be among the most important goals in the fight against the
COVID-19 pandemic. Antibody testing is multipurpose: these serological as-
says are of critical importance to determine seroprevalence, previous expo-
sure and identify highly reactive human donors for the generation of conva-
lescent serum as therapeutic. They will support contact tracing and screening
of health care workers to identify those who are already immune. How many
people really got infected, in how many did the virus escape the PCR diagno-
sis, and for what reasons, how many patients are asymptomatic, and what is
the real mortality rate in a defined population? Only with comprehensive
serology testing (and well-planned epidemiological studies) will we be able to
answer these questions and reduce the ubiquitous undisclosed number in the
current calculations. Several investigations are already underway in a wide
variety of locations worldwide.

In recent weeks it has become clear that serology testing may also aid as a
complementary diagnostic tool for COVID-19. The seroconversion of specific
IgM and IgG antibodies were observed as early as the 4th day after symptom
onset. Antibodies can be detected in the middle and later stages of the illness
(Guo L 2020, Xiao DAT 2020). If a person with a highly suspicious COVID-19
remains negative by PCR testing and if symptoms are ongoing for at least sev-
eral days, antibodies may be helpful and enhance diagnostic sensitivity.

However, antibody testing is not trivial. The molecular heterogeneity of
SARS-CoV-2 subtypes, imperfect performance of available tests and cross-
reactivity with seasonal CoVs have to be considered (reviews: Cheng 2020,
Krammer 2020). According to a Cochrane analysis on 57 publications with
15.976 samples, the sensitivity of antibody tests is too low in the first week
from symptom onset to have a primary role in the diagnosis of COVID-19.
However, these tests may still have a role in complementing other testing in
individuals presenting later, when RT-PCR tests are negative or are not done
(Deeks 2020). Antibody tests are likely to have a useful role in detecting pre-
vious SARS-CoV-2 infection if used 15 or more days after the onset of 