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Introduction

Coronaviruses are common human pathogens, causing generally-mild acute respiratory illnesses known as the
common cold (Wu Euro Surv 2020, see below). Prior to December 2019 when clusters of pneumonia cases with
unknown aetiology were detected in Wuhan, China, only two additional strains of coronaviruses had caused outbreaks
of severe acute respiratory disease in humans: the severe acute respiratory syndrome coronavirus (SARS-CoV) and
Middle East respiratory syndrome coronavirus (MERS-CoV). On 9 January 2020, a novel coronavirus, 2019-nCoV
(temporary name), was officially identified as the cause of an outbreak of viral pneumonia in Wuhan
(https://www.who.int/china/news/detail/09-01-2020-who-statement-regarding-cluster-of-pneumonia-cases-in-

wuhan-china). The timeline of medical and scientific events up to June 2020 has been described by Carvalho (Nat Med
2020, see https://www.nature.com/articles/d41591-020-00026-
w?utm_source=Nature+Briefing&utm campaign=ala9bf577f-briefing-dy-

20200629&utm medium=email&utm term=0 c9dfd39373-ala9bf577f-44799709).

The virus spread rapidly within China, and an increasing number of cases appeared in other countries. On January 30th
2020, the International Health Regulations (2005) Emergency Committee agreed that the outbreak meets the criteria
for a Public Health Emergency of International Concern (https://www.who.int/news-room/detail/30-01-2020-

statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-
the-outbreak-of-novel-coronavirus-(2019-ncov)). The disease was named COVID-19 by WHO on February 11 2020
(https://www.who.int/dg/speeches/detail/who-director-general-s-remarks-at-the-media-briefing-on-2019-ncov-on-

11-february-2020), and the virus named SARS-CoV-2 by the International Committee on Virus Taxonomy on the same
day (Coronaviridae Study Group of the International Committee on Taxonomy of Viruses Nat Microbiol 2020, see
below). Subsequently, a group of virologists in China suggested renaming SARS-CoV-2 as human coronavirus 2019
(HCoV-19), considering that such a name would distinguish the virus from SARS-CoV and keep it consistent with the
WHO name of the disease it causes, COVID-19 (Jiang Lancet 2020, see below). Virus naming long remained
controversial (Voice from China Chin Med J 2020, see below) and in the scientific literature, the virus can be referred
to by these different names, even though Wu, Ho et al. (Lancet 2020, see below) suggested keeping SARS-CoV-2 as its
name.

On March 11 2020, WHO characterised COVID-19 as a pandemic (https://www.who.int/dg/speeches/detail/who-
director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020).

Despite the wide implementation of a number of public health measures, the epidemic continued to progress in the
months that followed this announcement. As of July 15 2020, 15:00 CET, according to WHO, a total of 13 119 239 cases
has been confirmed globally, including 573 752 deaths. The vast majority of the cases has been reported by other
countries than China (e.g. U.S.A. 3 344 783, Brazil 1 884 967, India 936 181, Russian Federation 739 947, vs. China 85
677).

The virus

Coronaviruses

Coronaviruses (CoVs) are enveloped, positive-sense, single-stranded RNA viruses that belong to the subfamily
Coronavirinae, family Coronavirdiae, order Nidovirales. The virion has a nucleocapsid composed of genomic RNA and
phosphorylated nucleocapsid (N) protein, which is buried inside phospholipid bilayers and covered by spike proteins
(Li J Med Virol 2020, see below). The membrane (M) protein (a type Ill transmembrane glycoprotein) and the envelope
(E) protein are located among the spike (S) proteins in the virus envelope. CoVs were given their name based on a
characteristic crown-like appearance.

Authors: Martine Denis, Valerie Vandeweerd, Rein Verbeke, Anne Laudisoit, Tristan Reid, Emma Hobbs, Laure Wynants, Diane
Van der Vliet
COVIPENDIUM version: 15 JULY 2020 Transdisciplinary Insights - Living Paper | 10


https://www.who.int/china/news/detail/09-01-2020-who-statement-regarding-cluster-of-pneumonia-cases-in-wuhan-china
https://www.who.int/china/news/detail/09-01-2020-who-statement-regarding-cluster-of-pneumonia-cases-in-wuhan-china
https://www.nature.com/articles/d41591-020-00026-w?utm_source=Nature+Briefing&utm_campaign=a1a9bf577f-briefing-dy-20200629&utm_medium=email&utm_term=0_c9dfd39373-a1a9bf577f-44799709
https://www.nature.com/articles/d41591-020-00026-w?utm_source=Nature+Briefing&utm_campaign=a1a9bf577f-briefing-dy-20200629&utm_medium=email&utm_term=0_c9dfd39373-a1a9bf577f-44799709
https://www.nature.com/articles/d41591-020-00026-w?utm_source=Nature+Briefing&utm_campaign=a1a9bf577f-briefing-dy-20200629&utm_medium=email&utm_term=0_c9dfd39373-a1a9bf577f-44799709
https://www.who.int/news-room/detail/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov))
https://www.who.int/news-room/detail/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov))
https://www.who.int/news-room/detail/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov))
https://www.who.int/dg/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/dg/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020

There are four genera of CoVs, namely, Alphacoronavirus (aCoV), Betacoronavirus (BCoV), Deltacoronavirus (6CoV),
and Gammacoronavirus (yCoV) (Chan Em Micr Inf 2020, see below). Evolutionary analyses have shown that bats and
rodents are the gene sources of most aCoVs and BCoVs, while avian species are the gene sources of most §CoVs and
yCoVs. CoVs have repeatedly crossed species barriers and some have emerged as important human pathogens.

The genomic RNA is used as template to directly translate polyprotein (pp) 1a/1ab, which encodes non-structural
proteins to form the replication-transcription complex (RTC) in a double-membrane vesicles (Chen J Med Vir 2020, see
below). Subsequently, a nested set of subgenomic RNAs are synthesized by the RTC in a manner of discontinuous
transcription. The first ORFs (ORFla/b), about two-third of the whole genome length, encode 16 non-structural
proteins (nsp1-16). Other ORFs on the one-third of the genome near the 3’-terminus encodes the main structural
proteins: S, M, E, and N proteins. Besides these four main structural proteins, CoVs encode special structural and
accessory proteins. All the structural and accessory proteins are translated from the subgenomic RNAs of CoVs.

Prasad (Ind J Med Res 2020, see below) presented electron microscopy images of the virus (Figure 1). The images
revealed the presence of stalk-like projections ending in round peplomeric structures typical of a coronavirus particle.

Figure 1 Transmission electron microscopy imaging of SARS-CoV-2 (from Prasad Ind J Med Res 2020)

Figure. Transmission electron microscopy imaging of COVID-19. (A) A representative negative-stained COVID-19 particle showing
morphodiagnostic features of family Coronaviridae. (B) Defocussed image of the same particle resolving the virus envelope glycoprotein
morphology in finer details. The boxed area A shows a tetramer-like aggregate of four distinct peplomers, arrows shown by B show a more
orthodox morphology of coronavirus surface projections. M indicates the matrix of the virus particle. C shows a distinct ‘peplomer head’
with negative stain silhouette. The area D is interesting as possible linear projections could be imaged. Five distinct peplomers could be
imaged as shown by the arrows. (C) A highly magnified processed image for pixel corrections shows a distinct evidence of direct “stalk’
connecting the peplomer to the virion surface. The peplomers are shown with asterisk and the stalk with an arrow. Magnification bars are
built into the micrographs.

SARS-CoV-2 is a betacoronavirus

On January 3, 2020, the first complete genome of the novel § genus coronaviruses (2019-nCoV, subsequently named
SARS-CoV-2) was identified in samples of bronchoalveolar lavage fluid from a patient from Wuhan
(http://weekly.chinacdc.cn/en/article/id/a3907201-f64f-4154-a19e-4253b453d10c and Wu Nature 2020, see below).
A viral genome sequence was released via the community online resource virological.org on 10 January (Wuhan-Hu-
1, GenBank accession number MN908947 (http://virological.org/t/novel-2019-coronavirus-genome/319). Additional
sequences were rapidly obtained by other groups and complete genomes were submitted to GISAID (see for instance,
Zhu New Engl J Med 2020 below).

SARS-CoV-2 falls into the genus betacoronavirus, which includes CoVs discovered in humans, bats, and other wild
animals (SARS-CoV, bat SARS-like CoV, and others). As illustrated in Table 1 below, additional studies, based on
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subsequent virus isolates, confirmed that the virus is phylogenetically closest to bat SARS-like CoV (SL-ZC45 and SL-
CoVZXC21).

Table1l SARS-CoV-2 sequence homology with other coronaviruses

% homology with reference
SARS | MERS | bat SARS-like CoV* | BatCoV RaTG13
N.R. N.R. 89.1% N.R. Wu Nature 2020, see below
79.0% | 51.8% 87.6-87.7% N.R. Ren Chinese Med J 2020, see below
82% N.R. 89% N.R. Jiang Em Micr Inf 2020, see below
82% N.R. 89% N.R. Chan Em Micr Inf 2020, see below
79% 50% 88% N.R. Lu Lancet 2020, see below
N.R. N.R. N.R. 96.3% Paraskevis Infect Genet Evol 2020, see below
<80% N.R. N.R. 96.2% Zhou Nature 2020, see below
79.7% | N.R. 87.9% N.R. Chen Em Micr Inf 2020, see below

* bat-SL-CoV-ZC45 and/or bat-SL-CoV-ZXC21

The observation that SARS-CoV-2 isolates have a single intact open reading frame gene 8 is a further indicator of bat-
origin CoVs. In addition, although closely related to BatCoV RaTG13 sequence throughout the genome (sequence
similarity 96.3%), SARS-CoV-2 shows discordant clustering with the Bat_SARS-like coronavirus sequences (Paraskevis
Infect Genet Evol 2020, see below; Lu Lancet 2020, see below). Specifically, in the 5'-part spanning the first 11,498
nucleotides and the last 3'-part spanning 24,341-30,696 positions, SARS-CoV-2 and RaTG13 formed a single cluster
with Bat_SARS-like coronavirus sequences, whereas in the middle region spanning the 3'-end of ORF1a, the ORF1b
and almost half of the spike regions, SARS-CoV-2 and RaTG13 grouped in a separate distant lineage within the
sarbecovirus branch. Consequently, the levels of genetic similarity between SARS-CoV-2 and RaTG13 suggest that the
latter does not provide the exact variant that caused the outbreak in humans, but the hypothesis that SARS-CoV-2 has
originated from bats is very likely.

Genome structure

Similar to other BCoVs, the SARS-CoV-2 genome contains two flanking untranslated regions and a single long open
reading frame encoding a polyprotein (Chan Em Micr Inf 2020, see below). The SARS-CoV-2 genome is arranged in the
order of 5’-replicase (orfl/ab)-structural proteins [S-E-M-N]-3’ and lacks the hemagglutinin-esterase gene which is
characteristically found in lineage A B-CoVs, as illustrated in Figure 2.

The genome of SARS-CoV-2 encodes four major structural proteins [spike (S), envelope (E), membrane (M), and
nucleocapsid (N)], approximately 16 nonstructural proteins (nsp1-16), and five to eight accessory proteins (Jiang
Trends Imm 2020, see below). Among them, the S protein plays an essential role in viral attachment, fusion, entry,
and transmission. It comprises an N-terminal S1 subunit responsible for virus-receptor binding and a C-terminal S2
subunit responsible for virus-cell membrane fusion. The S1 subunit contains a signal peptide, followed by an N-
terminal domain (NTD) and receptor-binding domain (RBD), while the S2 subunit contains conserved fusion peptide,
heptad repeat 1 and 2, transmembrane domain, and cytoplasmic domain.

Remarkably, orf3b encodes a completely novel short protein. Furthermore, new orf8 likely encodes a secreted protein
with an alpha-helix, following with a beta-sheet(s) containing six strands.

Using direct RNA sequencing and sequencing-by-synthesis methods, Kim (Cell 2020, see below) provided a high-
resolution map of the SARS-CoV-2 transcriptome and epitranscriptome. In addition to viral genomic RNA and 9
canonical subgenomic RNAs, SARS-CoV-2 produces transcripts encoding unknown ORFs with fusion, deletion, and/or
frameshift (Figure 3). The authors also found at least 41 RNA modification sites on viral transcripts, with the most
frequent motif, AAGAA.
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Figure 2 Genome organization of the SARS-CoV-2 genome compared to other betacoronaviruses (from Chan Em Micr Inf 2020)
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Origin of the virus

Phylogenetic and likelihood-mapping analyses of 12 genome sequences of the virus with known sampling date (24
December 2019 and 13 January 2020) and geographic location (primarily Wuhan city, Hubei Province, China) suggested
a potentially large ‘first generation’ human-to-human virus transmission. Li, Zai et al. (J Med Virol 2020, see below)
estimated that SARS-CoV-2 likely originated in Wuhan on 9 November 2019 (95% credible interval: 25 September 2019
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and 19 December 2019). Li, Wang et al. (J Med Vir 2020, see below) confirmed the recent and rapid human-to-human
transmission, with estimates of virus emergence ranging from 15 October to 10 November 2019 or 16 November to
22 December 2019 depending on the calculation method.

Paraskevis (Infect Genet Evol 2020, see below) described the lack of a mosaic relationship of SARS-CoV-2 to the closely
related sarbecoviruses, indicating the lack of a recombination event in the emergence of SARS-CoV-2. Hence, SARS-
CoV-2 likely emerged from the accumulation of mutations responding to altered selective pressures or from the
infidelity of RNA polymerase perpetuated as replication-neutral mutations (Fahmi Infect Genet Evol. 2020, see below).

Patino-Galindo (manuscript on BioRxiv: https://www.biorxiv.org/content/10.1101/2020.02.10.942748v1) suggested a
two-hit scenario in the emergence of the SARS-CoV-2 virus whereby the virus ancestors in bats first acquired genetic

characteristics of SARS by incorporation of a SARS-like RBD through recombination before 2009, and subsequently,
those recombinants underwent convergent evolution.

Gu (on BioRxiv https://www.biorxiv.org/content/10.1101/2020.02.15.950568v2) reported that the amino acid usage
pattern of SARS-CoV-2 was generally found similar to bat and human SARSr-CoVs. He also found greater synonymous

codon usage distance between SARS-CoV-2 and its phylogenetic relatives on S and M genes, suggesting these two
genes of SARS-CoV-2 are subjected to different evolutionary pressures.

Based on an analysis of the 4 structural genes, Kandeel (J MedVir 2020, see below) further reported that SARS-CoV-2
prefers pyrimidine rich codons to purines. Most high-frequency codons were found to end with A or T, while the low
frequency and rare codons were ending with G or C. SARS-CoV-2 structural proteins showed 5-20 lower ENc values,
compared with SARS, bat SARS and MERS-CoVs. This implies higher codon bias and higher gene expression efficiency
of SARS-CoV-2 structural proteins. SARS-CoV-2 encoded the highest number of over biased and negatively biased
codons. Pangolin B-CoV showed little differences with SARS-CoV-2 ENc values, compared with SARS, bat SARS and
MERS CoV.

A manuscript by Zhang (on MedRxiv: https://www.medrxiv.org/content/10.1101/2020.02.25.20027953v1.full.pdf)
provides a hypothesis to explain the initial spread of the disease. Based on the analysis of 97 virus sequences, the

authors were able to propose a classification of current SARS-CoV-2 isolates into two main types, with three sources
of transmission, namely Type IA, Type IB, and Type Il. Among them, Type IA corresponds to the earliest transmission
source, which did not occur in the Huanan Market, indicating that the original transmission source was not from the
Huanan Market. Type Il comes from the Huanan Market. As most samples detected belong to Type I, it is speculated
that a Type Il virus is the major outbreak source. By analysing the three genomic sites distinguishing Type | and Type Il
strains, it was found that the synonymous changes at two of the three sites confer higher protein translational
efficiencies to Type |l strains. The authors speculate that this observation may be related to higher transmissibility of
Type Il strains.

Tang (preprint on National Science Review: https://academic.oup.com/nsr/advance-
article/doi/10.1093/nsr/nwaa036/5775463 ?searchresult=1) presented new data on the origin and evolution of SARS-
CoV-2. Although the authors found only 4% variability in genomic nucleotides between SARS-CoV-2 and the bat SARSr-
CoV RaTG13, the difference at neutral sites was 17%, suggesting the divergence between the two viruses is much

larger than previously estimated. The report also suggests that new variations in functional sites in the receptor-
binding domain (RBD) of the spike seen in SARS-CoV-2 and viruses from pangolin SARSr-CoVs are likely caused by
mutations and natural selection besides recombination. Based on the analyses of 103 SARS-CoV-2 genomes, the
authors confirmed the publication by Zhang (see above) indicating that these viruses evolved into two major types.
These 2 types were here designated L and S, with the L type (~70%) being more prevalent than the S type (~30%), and
the S type representing the ancestral version. Of note, both types of virus were detected outside China.
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Yi (Clin Inf Dis 2020, see below) used a different approach to the analysis of 84 sequences in GISAID to provide evidence
for genetic recombination underlying the evolution of the virus.

While comparing ORFlab polyprotein with other BCoVs, Cardenas-Conejo (J Med Vir 2020, see below) found a 42
amino acid signature that is only present in SARS-CoV-2. Members from clade 2 of sarbecoviruses have traces of this
signature. The amino acid signature located in the acidic-domain of papain-like protein of SARS-CoV2 and bat-SL-
RatG13 guided the authors to suggest that SARS-CoV-2 probably emerged by genetic drift from bat-SL-CoV-RaTG13.

Xia (Mol Biol Evol 2020, see below) observed that SARS-CoV-2 has the most extreme CpG deficiency in all known BCovs
genomes. This suggests that SARS-CoV-2 may have evolved in a new host (or new host tissue) with high zinc finger
antiviral protein expression. This observation allowed for a novel hypothesis for the origin of SARS-CoV-2. The ancestor
of SARS-CoV-2 and BatCoV RaTG13 might have infected the intestine of a mammalian species (e.g., canids). Then the
presumably strong selection against CpG in the viral RNA genome in canid intestine resulted in rapid evolution of the
virus, with many CpG—>UpG mutations leading to reduced genomic ICpG and GC%. The licking of anal regions in canids
during mating and other circumstances facilitated viral transmission from the digestive system to the respiratory
system. Finally, the reduced viral genomic ICpG allowed the virus to evade human zinc finger antiviral protein-
mediated immune response and became a severe human pathogen.

Lau, Luk et al. (Em Inf Dis 2020, see below) noted that despite the close relatedness of SARS-CoV-2 to bat and pangolin
viruses, none of the existing SARS-related CoVs represents its immediate ancestor. Most of the genome region of SARS-
CoV-2 is closest to SARSr-Ra-BatCoV-RaTG13 from an intermediate horseshoe bat in Yunnan, whereas its RBD is closest
to that of pangolin viruses. Potential recombination sites were identified around the RBD region, suggesting that SARS-
CoV-2 might be a recombinant virus, with its genome backbone evolved from Yunnan bat virus-like SARS-related CoVs
and its RBD region acquired from pangolin virus-like SARS-related CoVs.

In spite of these considerable research advancements, the origin of the virus remains ambiguous. Zhang (J Inf 2020,
see below) indicated that the source of the virus might be tracked in the following ways:

e Tracing back the viral emergence at the Huanan seafood market. It has been that the market has been closed
for more than two months, but the government can list all merchants in the market and clarify which animals
they sold, and what were the purchase channels of the animals. Thus, sampling the animals from their
purchase channels appears feasible.

e Detection of the SARS-CoV-2-like virus in wild animals.

e Detection of serum antibody in clinical samples collected before December 2019 in Hubei Province, especially
in Wuhan.

Multiple reasons to rule out a laboratory origin

While speculations, rumours and conspiracy theories that SARS-CoV-2 is of laboratory origin circulate in social media,
several publications point to the lack of credible evidence to support the claim that SARS-CoV-2 originated from a
laboratory-engineered CoV.

Liu (Emerg Micr Inf 2020, see below), for instance, pointed to the fact that evolution is stepwise and accrues mutations
gradually over time, whereas synthetic constructs would typically use a known backbone and introduce logical or
targeted changes instead of the randomly occurring mutations that are present in naturally isolated viruses such as
bat CoV RaTG13. However, the sequence data irrefutably show that SARS-CoV-2 is not derived from any previously
used virus backbone. Hao (Emerg Microbes Inf 2020, see below) ruled out a published claim that SARS-CoV-2 would
have a unique inserted sequence (1378 bp) located in the middle of its S glycoprotein gene that had no match in other
coronaviruses and that this unique sequence would be similar to some sequence in a common expression vector used
in research laboratory.
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Andersen (Nature Med 2020, see below) added that while SARS-CoV-2 may bind human ACE2 with high affinity,
computational analyses predict that the interaction is not ideal and that the RBD sequence is different from those
shown in SARS-CoV to be optimal for receptor binding. Thus, the high-affinity binding of the SARS-CoV-2 S protein to
human ACE2 is most likely the result of natural selection on a human or human-like ACE2 that permits another optimal
binding solution to arise. This is strong evidence that SARS-CoV-2 is not the product of purposeful manipulation.

In theory, it is also possible that SARS-CoV-2 acquired RBD mutations during adaptation to passage in cell culture, as
has been observed in studies of SARS-CoV (Andersen Nature Med 2020, see below). The finding of SARS-CoV-like
coronaviruses from pangolins with nearly identical RBDs, however, provides a much stronger explanation of how SARS-
CoV-2 acquired these via recombination or mutation. The acquisition of both the polybasic cleavage site and predicted
O-linked glycans also argues against culture-based scenarios. New polybasic cleavage sites have been observed only
after prolonged passage of low-pathogenicity avian influenza virus in vitro or in vivo. Furthermore, a hypothetical
generation of SARS-CoV-2 by cell culture or animal passage would have required prior isolation of a progenitor virus
with very high genetic similarity, which has not been described. Subsequent generation of a polybasic cleavage site
would have then required repeated passage in cell culture or animals with ACE2 receptors similar to those of humans,
but such work has also not previously been described. Finally, the generation of the predicted O-linked glycans is also
unlikely to have occurred due to cell-culture passage, as such features suggest the involvement of an immune system.

Sequence diversity among isolates

Among the first data generated at the beginning of the outbreak, virus isolates from five patients with severe
pneumonia (hospitalized from December 18 to December 29, 2019 at Jin Yin-tan hospital in Wuhan) revealed 99.8-
99.9% nucleotide identities (Ren Chinese Med J 2020, see below). Zhou (Nature 2020, see below) also reported more
than 99.9% identity among isolates obtained from 7 patients, Lu (Lancet 2020, see below) more than 99.98% sequence
identity among 10 genome sequences obtained from nine patients, and Ceraolo (J MedVir 2020, see below) >99%
sequence similarity among 56 genomes. Of note, at least two hyper-variable genomic hotspots were detected, one of
which is responsible for a Serine/Leucine variation in the viral ORF8-encoded protein.

Another study conducted on 32 genomes of strains sampled from China, Thailand, and USA between 24 December
2019 and 23 January 2020 suggested increasing tree-like signals from 0 to 8.2%, 18.2%, and 25.4%) overtime, which
may be indicative of increasing genetic diversity of SARS-CoV-2 in human hosts (Li, Wang et al. ] Med Vir 2020, see
below).

Following the analysis of 54 gene sequences, Wen (J Infect 2020, see below) noted the hyper-variable genomic hotspot
to be established in the SARS-CoV-2 population at the nucleotide but not the amino acid level, suggesting that there
have been no beneficial mutations acquired. Of note, nsp1, nsp3, and nsp15 of ORFlab and gene S were found to carry
significantly more mutations than other genes.

Subsequently, Wang ()] Med Vir 2020, see below) reported on the analysis of 95 full-length genomic sequences of
SARS-CoV-2 strains from NCBI and GISAID databases. The homology among all viral strains was generally high, among
them 99.99% (99.91%-100%) at the nucleotide level, 99.99% (99.79%-100%) at the amino acid level. Although overall
variation in ORF regions is low, 13 variation sites in 1a, 1b, S, 3a, M, 8, and N regions were identified, among which
positions nt28144 in ORF 8 and nt8782 in ORF 1a showed mutation rate of 30.53% (29/95) and 29.47% (28/95)
respectively.

While the number of sequences deposited to GISAID increased rapidly (66 098 sequences by July 15 15:00 CET; see
https://www.gisaid.org/), monitoring of the virus sequence diversity among the newest isolates continues.

The website of the China National Center for Bioinformation (https://bigd.big.ac.cn/ncov?lang=en), available in

Chinese and English, constitutes another useful resource on SARS-CoV-2 sequences. Moreover, a new resource of
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interest, described by Cleemput (Bioinform 2020, see below) is the Genome Detective Coronavirus Typing Tool,
available at https://www.genomedetective.com/app/typingtool/cov, which can accurately identify SARS-CoV-2

sequences isolated in China and around the world.

Following metatranscriptome sequencing for the bronchoalveolar lavage fluid of SARS-CoV-2 patients, Shen (Clin Inf
Dis 2020, see below) presented data suggesting that SARS-CoV-2 evolves in vivo after infection. The median number
of intra-host variants was 1-4 in SARS-CoV-2 infected patients, ranging between 0 and 51 in different samples. The
distribution of variants on genes was similar to those observed in the population data (110 sequences). However, very
few intra-host variants were observed in the population as polymorphism, implying either a bottleneck or purifying
selection involved in the transmission of the virus, or a consequence of the limited diversity represented in the current
polymorphism data.

The topic was also addressed by Bal (Clin Microb Inf 2020, see below), who characterized whole genome sequences
of SARS-CoV?2 isolated from an asymptomatic patient, in 2 clinical samples collected 1 day apart. Comparison of these
sequences suggests viral evolution with development of quasispecies. The study also identified a new deletion in nsp2
(Asp268Del). The analysis of 571 whole genome sequences identified this deletion in 37 other viruses collected in
England (February) and in Netherlands (March), suggesting the spread of this deletion in Europe.

Benvenuto (J inf 2020, see below) found in more recent isolates the presence of two mutations affecting NSP6 and
ORF 10 adjacent regions. Amino acidic change stability analysis suggests both mutations could confer lower stability
of the protein structures.

Sheikh (Infect Genet Evol. 2020, see below) observed the 5’ terminal of the genome to be more variable and prone to
mutations, as compared to the 3’ terminal. It appears that ORFlab, S, ORF3a and E appeared as key drivers of diversity
among strains with RBD of S emerging as mutational hotspot. Phylogenetic analyses revealed at least five different
clades circulating.

Using the epitope information along with variants of the virus, Koyama (Pathog 2020, see below) found several
variants which might cause drifts. Among such variants, 23403A>G variant (p.D614G) in S protein B-cell epitope
appeared to be observed frequently in European countries, such as the Netherlands, Switzerland, and France, but
seldom observed in China. Eaaswarkhanth (Int J Infect Dis 2020, see below) further speculated that the S-G614 strains
may be more virulent, increasing the severity in infected individuals, especially in Europe where this mutation is
prominent. In line with this hypothesis, Zhang (manuscript on BioRxiv:
https://www.biorxiv.org/content/10.1101/2020.06.12.148726v1) observed that retroviruses pseudotyped with S-
G614 infected ACE2-expressing cells markedly more efficiently than those with S-D614. This greater infectivity was

correlated with less S1 shedding and greater incorporation of the S protein into the pseudovirion. Similar results were
obtained using the virus-like particles produced with SARS-CoV-2 M, N, E, and S proteins. However, S-G614 did not
bind ACE2 more efficiently than S-D614, and the pseudoviruses containing these S proteins were neutralized with
comparable efficiencies by convalescent plasma. S-G614 was shown more stable than S-D614, consistent with
epidemiological data suggesting that viruses with S-G614 transmit more efficiently. Similarly, Daniloski (manuscript on
BioRxiv:  https://www.biorxiv.org/content/10.1101/2020.06.14.151357v1) produced SARS-CoV-2-pseudotyped
lentiviral particles (S-Virus) with variant and with S-D614. The authors showed that in multiple cell lines, including

human lung epithelial cells, that pseudovirus carrying the S-G614 mutation was up to 8-fold more effective at
transducing cells than wild-type pseudovirus.

Nevertheless, a study by MaclLean (manuscript on bioRxiv:
https://www.biorxiv.org/content/biorxiv/early/2020/05/29/2020.05.28.122366.full.pdf) indicated that the vast

Authors: Martine Denis, Valerie Vandeweerd, Rein Verbeke, Anne Laudisoit, Tristan Reid, Emma Hobbs, Laure Wynants, Diane
Van der Vliet
COVIPENDIUM version: 15 JULY 2020 Transdisciplinary Insights - Living Paper | 17


https://www.genomedetective.com/app/typingtool/cov
https://www.biorxiv.org/content/10.1101/2020.06.12.148726v1
https://www.biorxiv.org/content/10.1101/2020.06.14.151357v1
https://www.biorxiv.org/content/biorxiv/early/2020/05/29/2020.05.28.122366.full.pdf

majority of observed mutations occur at low frequency, with only ~10% of mutations observed in more than six of
15537 sequences.

Sequence homology of the S gene

The S gene of SARS-CoV-2 appears highly divergent to other CoVs, with less than 75% nucleotide sequence identity to
all previously described SARS-CoVs, except a 93.1% nucleotide identity to RaTG13 (Zhou Nature 2020, see below). The
S genes of SARS-CoV-2 and RaTG13 S gene are longer than other SARS-CoVs. The major differences in SARS-CoV-2 are
three short insertions in the N-terminal domain, and 4/5 key residues changes in the receptor-binding motif, in
comparison with SARS-CoV.

At the level of amino acids, the S glycoprotein of SARS-CoV-2 was found to have 76.3% identity and 87.3% similarity
with the S glycoprotein of SARS-CoV (Baruah J Med Virol 2020, see below).

The S2 subunit of SARS-CoV-2 was found highly conserved, sharing 99% sequence identity with those of the two bat
SARS-like CoVs (SL-CoV ZXC21 and ZC45) and human SARS-CoV (Chan Em Micr Inf 2020, see below). This observation
suggests that broad spectrum antiviral peptides against S2 may be considered as therapeutic candidates.

The S1 subunit of SARS-CoV-2 shares around 70% identity to that of the two bat SARS-like CoVs and human SARS-CoV.
The core domain of the receptor binding domain (RBD) (excluding the external subdomain) is highly conserved, but
the external subdomain of the SARS-CoV-2 RBD (which is responsible for the direct interaction with the host receptor)
shares only 40% amino acid identity with other SARS-related coronaviruses. Of note, homology modelling in another
study revealed that SARS-CoV-2 has a similar RBD structure to that of SARS-CoV, despite amino acid variation at some
key residues (Lu Lancet 2020, see below). Moreover, several critical residues in SARS-CoV-2 RBD (particularly GIn493)
provide favourable interactions with human ACE2, consistent with SARS-CoV-2's capacity for human cell infection
(Wan J Virol 2020, see below). Several other critical residues in SARS-CoV-2 RBD (particularly Asn501) are compatible
with, but not ideal for, binding human ACE2.

Structure of S and interactions with the ACE2 receptor

Wrapp (Science 2020, see below) disclosed the 3.5 A-resolution cryo-EM structure of the SARS-CoV-2 S trimer in the
prefusion conformation. The predominant state of the trimer has one of the three receptor-binding domains (RBDs)
rotated up in a receptor-accessible conformation. He also showed biophysical and structural evidence that SARS-CoV-
2 S binds ACE2 with higher affinity than SARS-CoV S. Additionally he tested several published SARS-CoV RBD-specific
monoclonal antibodies and found that no appreciable binding to SARS-CoV-2 S, confirming previous conclusions from
sequence analyses that antibody cross-reactivity may be limited between the two virus RBDs.

Yan (Science 2020, see below) presented the cryo-EM structures of full-length human ACE2, in the presence of a
neutral amino acid transporter BOAT1, with or without the receptor binding domain (RBD) of the surface spike
glycoprotein (S protein) of SARS-CoV-2, both at an overall resolution of 2.9 A, with a local resolution of 3.5 A at the
ACE2-RBD interface. The ACE2-BOAT1 complex is assembled as a dimer of heterodimers, with the Collectrin-like
domain (CLD) of ACE2 mediating homo-dimerization (see Figure 4). The RBD is recognized by the extracellular
peptidase domain (PD) of ACE2 mainly through polar residues.
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Figure 4 Interactions between SARS-CoV-2-RBD and ACE2 (from Yan Science 2020).

The structural basis of ACE2 receptor recognition by SARS-CoV-2 was further investigated by Shang (Nature 2020, see
below) and Lan (Nature 2020, see below). Compared with the SARS-CoV RBD, a human ACE2-binding ridge in SARS-
CoV-2 RBD was found to take a more compact conformation; moreover, several residue changes in SARS-CoV-2 RBD
stabilize two virus-binding hotspots at the RBD/hACE?2 interface. These structural features of SARS-CoV-2 RBD enhance
its hACE2-binding affinity. The same observation was made by Wang (Cell 2020, see below).

Letko (Nature Microb 2020, see below) confirmed previous observations in terms of receptor usage of the virus, and
suggested that SARS-CoV-2 is capable of using human ACE2 efficiently, which may help to explain human-to-human
transmissibility. The experiments were based on the use of pseudotypes and investigated the mechanism of entry of
a whole set of lineage B BCoVs.

Ibrahim (J Inf 2020, see below) developed predictions of the COVID-19 S binding site to the cell-surface receptor
(Glucose Regulated Protein 78 (GRP78)). The study revealed that binding is more favourable between regions Ill (C391-
C525) and IV (C480-C488) of the spike protein model and GRP78. Region IV was found the main driving force for GRP78
binding with the predicted binding affinity of -9.8 kcal/mol. These nine residues could be used to develop therapeutics
specific against COVID-19.

Of note, Xia (Cell Mol Immunol 2020, see below) published a report on the fusion mechanism of SARS-CoV-2 and fusion
inhibitors targeting HR1 domain in S protein.

Watanabe (Science 2020, see below) revealed the glycan structures on a recombinant SARS-CoV-2 S immunogen. This
analysis enabled mapping of the glycan-processing states across the trimeric viral S. Shielding of the receptor binding
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sites on the SARS-CoV-2 spike by proximal glycosylation sites (N165, N234, N343) could be observed. The shielding of
receptor binding sites by glycans is a common feature of viral glycoproteins (observed for instance on SARS-CoV-1 S).
While the oligomannose-type glycan content (28%) was found above that observed on typical host glycoproteins, it
was lower than that of other viral glycoproteins. Overall, this glycosylation analysis of SARS-CoV-2 offers a detailed
benchmark of site-specific glycan signatures characteristic of a natively folded trimeric S.

Other SARS-CoV-2 genes and proteins

A manuscript by Alam (https://www.biorxiv.org/content/10.1101/2020.02.17.952895v1.full.pdf) shows the
conservation of the E gene, differing between SARS and SARS-Cov2 with a difference of single amino acid substitution
and a single amino acid insertion present in SARS but absent from SARS-CoV-2. The authors recommend diagnosis

based on this protein.

The RNA-dependent RNA polymerase (RdRp, also named nspl2) is the central component of coronaviral
replication/transcription machinery. Gao (Science 2020, see below) reported the cryo-EM structure of the full-length
viral nsp12 in complex with cofactors nsp7 and nsp8 at 2.9-A resolution. In addition to the conserved architecture of
the polymerase core of the viral polymerase family, nsp12 possesses a newly identified B-hairpin domain at its N
terminus. The structure provides a basis for the design of new antiviral therapeutics targeting viral RdRp.

Immunity to SARS-CoV-2 infection

While information pertaining to immune responses to SARS-CoV-2 remains scarce, data are available to characterize
both innate and adaptive immune responses to SARS-CoV and MERS-CoV (see for instance Li J Med Virol 2020 below).
Such knowledge can be expected to facilitate vaccine development as well as specific immunotherapy against COVID-
19.

Epitope predictions
Immune-informatics approaches targeting identification of T and B cell epitopes of SARS-CoV-2 have been described
by numerous authors. For instance:

e Baruah (J Med Virol 2020, see below) predicted five CTL epitopes, three sequential B cell epitopes and five
discontinuous B cell epitopes in the S glycoprotein. Simulations suggested that the CTL epitopes bind MHC
class | peptide-binding grooves via multiple contacts, with continuous hydrogen bonds and salt bridge anchors,
supporting their potential in generating immune responses. Of note, the study found only one overlapping
CTL epitope between MERS-CoV and SARS-CoV-2 with one gap and one mismatch (Y-LQPRTFLL/YKLQPLTFLL),
and no comparable epitopes with SARS-CoV.

e Kumar (manuscript on Preprints: https://www.preprints.org/manuscript/202002.0071/v1) predicted 8 B cell

epitopes in the S protein based on the antigenicity score by using Vaxigen 2.0, some of which displayed overlap
with those predicted by Baruah.
e Bojin (on Preprints : https://www.preprints.org/manuscript/202002.0102/v1) identified multiepitope

peptides that can potentially trigger both CD4+ and CD8+ T cell immune responses.

e The approach selected by Ahmed (Vir 2020, see below) focused on one side on S and N epitopes conserved
across isolates and T cell epitopes offering broad coverage.

e Fast (on BioRxiv: https://www.biorxiv.org/content/10.1101/2020.02.19.955484v1) reported the use of
various computational tools from structural biology and machine learning to identify SARS-CoV-2 epitopes

based on viral protein antigen presentation and antibody binding properties. The study identified two
potential neutralizing B-cell epitopes near the spike protein RBD (positions 440-460 and 494-506) and a whole
set of potential MHC | and Il epitopes.

e Additional epitope predictions were also reported by Bhattacharya () Med Virol 2020, see below).

Authors: Martine Denis, Valerie Vandeweerd, Rein Verbeke, Anne Laudisoit, Tristan Reid, Emma Hobbs, Laure Wynants, Diane
Van der Vliet
COVIPENDIUM version: 15 JULY 2020 Transdisciplinary Insights - Living Paper | 20


https://www.biorxiv.org/content/10.1101/2020.02.17.952895v1.full.pdf
https://www.preprints.org/manuscript/202002.0071/v1
https://www.preprints.org/manuscript/202002.0102/v1
https://www.biorxiv.org/content/10.1101/2020.02.03.933226v4.full.pdf
https://www.biorxiv.org/content/10.1101/2020.02.19.955484v1

e  Grifoni (Cell Host & Micr 2020, see below) identified multiple specific regions in SARS-CoV-2 that have high
homology to SARS-CoV. Parallel bioinformatic predictions identified a priori potential B and T cell epitopes for
SARS-CoV-2. The authors suggested that independent identification of the same regions using two approaches
reflects the high probability that these regions are promising targets for immune recognition of SARS-CoV-2.
In this study, 10 B cell epitopes were identified with high sequence similarity between SARS-CoV and SARS-
CoV-2. Five of these epitopes were found in the S protein, two in the membrane protein, and three in the
nucleocapsid (N) protein. T cell epitopes were mostly found in the S protein and N protein.

e Using the concept of nullomer and introducing a distance from human self, Santoni (J Imm Meth 2020, see
below) provided a list of peptides that could deserve experimental investigation.

e Tilocca (Microbes Infect 2020, see below) analysed SARS-CoV-2 N protein epitopes in taxonomically related
coronaviruses.

e Using a Q-UEL system to access relevant literature, Robson (Comput Biol Med 2020, see below) found the
KRSFIEDLLFNKYV epitope to be particularly well conserved

e Addingto an already long list of SARS-CoV-2 predicted epitopes, Joshi (Inform Med Unlocked 2020, see below)
proposed an epitope, ITLCFTLKR, for use as a potential vaccine candidate against SARS-COV-2. This epitope
was found to have a 99.8% structural favourability as per Ramachandran-plot analysis and suitable population
coverage.

e Kiyotani (J Hum Genet. 2020, see below) authors found that four epitopes, S1060-1068, $S1220-1229, N222-
230, and N315-324 of SARS-CoV-2, have exactly same sequences reported as immunogenic SARS-CoV-derived
epitopes for HLA-A*02:01, that correspond to S1042-1050, $1203-1211, N223-231, and N317-325 of SARS-
CoV, respectively. Two epitopes in ORFlab, ORF1ab2168-2176, and ORF1ab4089-4098 (which is conserved in
SARS-CoV) were predicted to have a strong affinity to HLA-A*24:02 as well as HLA-A*02:01 and HLA-A*02:06.
Based on their allele frequency, these epitopes could cover 83.8% of the Japanese individuals. Since no
mutation was identified in these epitope sequences, these were considered to possibly contribute to the
development of rationally designed vaccines against SARS-CoV-2.

Observations in COVID-19 patients

Thevarajan (Nat Med 2020, see below) reported the kinetics of the immune response in relation to clinical and
virological features of a patient with mild-to-moderate COVID-19 requiring hospitalisation. Increased antibody-
secreting cells, follicular T-helper cells, activated CD4+ and CD8+ T-cells and 1gM/IgG SARS-CoV-2-binding antibodies
(immunofluorescence assay using SARS-CoV-2-infected Vero cells) were detected in blood, prior to symptomatic
recovery. These immunological changes persisted for at least 7 days following full resolution of symptoms. Of note,
the authors detected reduced frequencies of CD16+ CD14+ monocytes in peripheral blood at day 7-9, which might
indicate efflux of CD16+CD14+ monocytes from blood to the site of infection. Low levels of activated HLA-DR+ CD3-
CD56+ NK cells were found in both the COVID-19 patient and healthy controls.

Comparisons between symptomatic and asymptomatic subjects

Carsetti (manuscript on MedRxiv, see https://www.medrxiv.org/content/10.1101/2020.06.22.20137141v1)
performed a longitudinal follow-up analysis of innate and adaptive immunity in 64 adults with a spectrum of clinical
presentations (28 healthy SARS-CoV-2-negative contacts of COVID-19 cases; 20 asymptomatic SARS-CoV-2-infected
cases; 8 patients with mild COVID-19 disease and 8 cases of severe COVID-19 disease). The data showed that high
frequency of NK cells and early and transient increase of specific IgA and, to a lower extent, IgG were associated to

asymptomatic SARS-CoV-2 infection. By contrast, monocyte expansion and high and persistent levels of IgA and IgG,
produced relatively late in the course of the infection, characterized severe disease. Modest increase of monocytes
and rapidly declining antibodies were detected in mild COVID-19.
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Similarly, Long (Nature Med 2020, see below) studied 37 asymptomatic individuals who were diagnosed with RT-PCR-
confirmed SARS-CoV-2 infection. The asymptomatic group had a significantly longer duration of viral shedding than
the symptomatic group. The virus-specific 1gG levels in the asymptomatic group (median S/CO, 3.4; IQR, 1.6—10.7)
were significantly lower (P = 0.005) relative to the symptomatic group (median S/CO, 20.5; IQR, 5.8—38.2) in the acute
phase. Of asymptomatic individuals, 93.3% (28/30) and 81.1% (30/37) had reduction in IgG and neutralizing antibody
levels, respectively, during the early convalescent phase, as compared to 96.8% (30/31) and 62.2% (23/37) of
symptomatic patients. Forty percent of asymptomatic individuals became seronegative and 12.9% of the symptomatic
group became negative for IgG in the early convalescent phase. In addition, asymptomatic individuals exhibited lower
levels of 18 pro- and anti-inflammatory cytokines. These data suggest that asymptomatic individuals had a weaker
immune response to SARS-CoV-2 infection.

Antibody response

By using an ELISA based assay using the recombinant viral nucleocapsid, Guo (Clin Inf Dis 2020, see below) examined
the host humoral response against SARS-CoV-2 including IgA, 1gM and IgG responses. A total of 208 plasma samples
were collected from 82 confirmed and 58 probable cases. The diagnostic value of IgM was evaluated in this cohort.
The median duration of IgM and IgA antibody detection were 5 days (IQR 3-6), while IgG was detected on 14 days (IQR
10-18) after symptom onset, with a positive rate of 85.4%, 92.7% and 77.9% respectively. In confirmed and probable
cases, the positive rates of IgM antibodies were 75.6% and 93.1%, respectively. The detection efficiency by IgM ELISA
was higher than that of gPCR method after 5.5 days of symptom onset. The positive detection rate was significantly
increased (98.6%) when combined IgM ELISA assay with PCR for each patient compare with a single gPCR test (51.9%).

Yu (Eur Respir J 2020, see below) analysed SARS-CoV-2 S protein-specific IgA, 1gM and I1gG antibodies by
chemiluminescent immunoassay in 183 samples from 37 patients. The positive rate of antibodies was 98.9%, 93.4%
and 95.1%, for IgA, IgM and IgG, respectively. The seroconversion rate for IgA, 1gM or IgG was 100% 32 days after
symptom onset, and the median conversion time for IgA, IgM and IgG was 13, 14 and 14 days, respectively. The relative
levels of IgA and IgG were significantly higher in severe patients compared to non-severe patients.

Padoan (Clin Chim Acta 2020, see below) evaluated the kinetics of IgM, IgA and IgG SARS-CoV-2 antibodies in COVID-
19 patients with confirmed (rRT-PCR) infection. The authors found that the IgA response appears and grows early,
peaks at week 3, and it is stronger and more persistent than the IgM response.

Immunology testing was also performed in 16 patients in Hong Kong using serum samples collected 14 days or longer
after symptom onset (To Lancet Inf Dis 2020, see below). The following rates of seropositivity were reported: 94% for
anti-N IgG (n=15), 88% for anti-N IgM (n=14), 100% for anti-RBD IgG (n=16), and 94% for anti-RBD IgM (n=15). Anti-
SARS-CoV-2-N or anti-SARS-CoV-2-RBD IgG levels correlated with virus neutralization titre (R>>0-9).

Xiao (J Inf 2020: https://www.journalofinfection.com/article/S0163-4453(20)30138-9/pdf) presented the kinetics of
IgM and IgG responses in 34 patients (Figure 5).
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Figure 5 Timeline of IgM and 1gG antibodies level to SARS-CoV-2 from onset of symptoms (from Xiao J Inf 2020)
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Wu (non-peer-reviewed manuscript on MedRxiv:
https://www.medrxiv.org/content/10.1101/2020.03.30.20047365v1) characterized antibody responses in a large
cohort of 175 COVID-19 recovered patients with mild symptoms. The levels and the time course of SARS-CoV-2-specific
neutralizing antibodies (NAbs) (pseudotyped-lentiviral-vector-based neutralization assay) and the S-binding antibodies
(ELISA using RBD, S1, and S2 proteins) were monitored in parallel. SARS-CoV-2-specific NAbs were detected in patients

from day 10-15 after the onset of the disease and remained thereafter. No cross-reactivity with SARS-CoV was
observed. The NAb titers correlated with the S-binding antibodies targeting S1, RBD, and S2 regions. Elderly and
middle-age patients had significantly higher plasma NAb titers (P<0.0001) and spike-binding antibodies (P=0.0003)
than young patients. The NAb titers were positively correlated with plasma CRP levels but negatively correlated with
the lymphocyte counts of patients at the time of admission, indicating an association between humoral response and
cellular immune response.

Catalan-Dibene (Nature Reviews Immunology 2020, see below) described a preprint by Ju, who demonstrated the
existence of virus-specific memory B cells recognizing the RBD of SARS-CoV-2 S protein in infected patients. They
observed crossreactivity of antibodies from these patients against S proteins, but not against the RBD, of SARS-CoV-1
and MERS-CoV. Through single-cell sorting and BCR sequencing, they generated 206 SARS-CoV-2 RBD-specific
monoclonal antibodies. Antibodies were from diverse families of immunoglobulin genes, without any apparent
enrichment for specific families. Two clones showed 98-99% blocking of viral entry, which correlated with high
competing capacity against ACE2 receptor.

Neutralizing antibody responses

Van der Heide (Nat Rev Imm 2020, see below) referred to a very interesting manuscript on MedRxiv reporting robust
induction of SARS-CoV-2-specific neutralizing antibodies in 94% of 175 patients with clinically mild COVID-19.
Compared with young patients, middle-aged and older patients in this cohort had higher titres of neutralizing and
binding antibodies. As older patients are generally considered at greater risk of severe disease, the robust humoral
responses in this cohort was interpreted as possibly explaining their apparent protection. Of note, 10 of 175 patients
recovered without developing detectable neutralizing antibody titres, suggesting that antiviral binding antibodies and
cellular immune responses can both result in convalescence.

Cellular responses

Flow cytometry analyses

A study of the dynamic changes of lymphocyte subsets and cytokines profiles of 40 COVID-19 patients has been
reported by Liu (on MedRxiv: https://www.medrxiv.org/content/10.1101/2020.02.16.20023671v1). Significant
decreases in the counts of T cells, especially CD8 + T cells, were observed as well as increases in IL-6, IL-10, IL-2 and

IFN-y levels in the peripheral blood in the severe cases compared to those in the mild cases. T cell counts and cytokine
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levels in severe COVID-19 patients who survived the disease gradually recovered at later time points to levels that
were comparable to those of the mild cases.

Wang (J Inf Dis 2020, see below) measured peripheral blood lymphocyte subsets in 60 hospitalized COVID-19 patients
before and after treatment. Total lymphocytes, CD4+ T cells, CD8+ T cells, B cells and NK cells decreased in COVID-19
patients, and severe cases had a lower level than mild cases. The subsets (especially CD8+ T cells and CD4+/CD8+ ratio)
showed a significant association with the inflammatory status. After treatment, 37 patients (67%) reached clinical
response, with an increase of CD8+ T cells and B cells. In multivariate analysis, post-treatment decrease of CD8+ T cells
and B cells and increase of CD4+/CD8+ ratio were indicated as independent predictors for poor efficacy.

Liao (Nat Med 2020, see below) characterized the lung immune microenvironment with the bronchoalveolar lavage
fluid (BALF) from 3 severe and 3 mild COVID-19 patients. The data show that monocyte-derived FCN1+ macrophages,
but not FABP4+ alveolar macrophages that represent a predominant macrophage subset in BALF from patients with
mild diseases, overwhelm in the severely damaged lungs from patients with acute respiratory distress syndrome
(ARDS). These cells are highly inflammatory and enormous chemokine producers implicated in cytokine storm.
Furthermore, the formation of tissue resident, highly expanded clonal CD8+ T cells in the lung microenvironment of
mild symptom patients suggests a robust adaptive immune response.

Zheng, Gao et al. (Cell Mol Imm 2020, see below) published data indicating that SARS-CoV-2 infection may break down
antiviral immunity at an early stage. The authors showed that the total number of NK and CD8+ T cells was decreased
markedly in patients with SARS-CoV-2 infection, and further showed that NKG2A expression is upregulated on NK cells
and CTLs in patients, with a reduced ability to produce CD107a, IFN-y, IL-2, granzyme B, and TNF-a. Also, the
percentage of NKG2A+ cytotoxic lymphocytes was found decreased in recovered patients infected with SARS-CoV-2,
which strongly suggests that NKG2A expression may be correlated with functional exhaustion of cytotoxic
lymphocytes and disease progression in the early stage of COVID-19.

Zheng, Zhang et al. (Cell Mol Imm 2020, see below) provided a detailed analysis of the immunological characteristics
of peripheral blood leukocytes from 16 patients, incl. 10 mild cases and 6 severe cases. The levels of IFN-y and TNF-a
in CD4+ T cells were lower in the severe group than in the mild group, whereas the levels of granzyme B and perforin
in CD8+ T cells were higher in the severe group than in the mild group. The activation molecules showed no differences
in CD4+ T cells, whereas the levels of HLA-DR and TIGIT in CD8+ T cells were higher in the severe group than in the
mild group. These data indicate that COVID-19, similar to some chronic infections, damages the function of CD4+ T
cells and promotes excessive activation and possibly subsequent exhaustion of CD8+ T cells. Compared with the
healthy control and mild group, the frequency of multi-functional CD4+ T cells (positive for at least two cytokines)
decreased significantly in the severe group. In CD8+ T cells, the frequency of the non-exhausted (PD-1-CTLA-4-TIGIT-)
subset in the severe group was found significantly lower than that in the other two groups, an observation confirming
the report by Zheng, Gao et al. mentioned above.

Virus-specific responses

Pia (Nat Rev Imm 2020, see below) referred to a manuscript by Braun on MedRxiv, which reported the characterization
of CD4+ T cell responses to SARS-CoV-2 in 18 patients with COVID-19 and 68 seronegative healthy donors. Peripheral
blood mononuclear cells from patients and HDs were stimulated with peptide pools derived from the SARS-CoV-2 S
protein. S protein-specific CD4+ T cells could be detected in 83% of COVID-19 patients, as well as in 34% of healthy
donors, albeit at lower frequencies. CD4+ T cells from patients with COVID-19 had a phenotype of recent activation in
contrast to those from healthy donors. The authors suggest that S protein-specific T cells in healthy donors may be
cross-reactive clones developed following a previous exposure to human endemic coronaviruses.
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Using HLA class | and |l predicted peptide ‘megapools’, Grifoni (Cell 2020: https://www.cell.com/cell/pdf/S0092-
8674(20)30610-3.pdf) identified circulating SARS-CoV-2-specific CD8+ and CD4+ T cells in ~70% and 100% of COVID-
19 convalescent patients, respectively. CD4+ T cell responses to S were robust and correlated with the magnitude of
the anti-SARS-CoV-2 IgG and IgA titers. The M, spike and N proteins each accounted for 11-27% of the total CD4+
response, with additional responses commonly targeting nsp3, nsp4, ORF3a and ORF8, among others. For CD8+ T cells,

spike and M were recognized, with at least eight SARSCoV-2 ORFs targeted. Confirming the data reported by Pia, the
authors detected SARS-CoV-2-reactive CD4+ T cells in ~40-60% of unexposed individuals, suggesting cross-reactive T
cell recognition between circulating ‘common cold’ coronaviruses and SARS-CoV-2.

Transcriptional changes
Ong (Cell Host & Microbe 2020: https://marlin-prod.literatumonline.com/pb-assets/journals/research/cell-host-

microbe/chom 2283 s5.pdf) profiled the transcriptional changes in a panel of immune genes in 3 COVID-19 patients

and 10 healthy volunteers. Attenuated cytokine expression associated with mild infection was suggested to possibly
delay T cell immunity against SARS-CoV-2, which would prolong infection, leading to the possibility that afebrile and
undifferentiated COVID-19 cases may drive virus spread in the community.

Blanco-Melo (manuscript on bioRxiv: https://www.biorxiv.org/content/10.1101/2020.03.24.004655v1) compared the
transcriptional response of SARS-CoV-2 to that of seasonal influenza A virus and respiratory syncytial virus in lung

epithelium and transformed lung alveolar cells. The authors observed a significant lack of type | and Il interferon (IFN-
| and IFN-Ill) expression as compared to other respiratory viruses. Previous reports also demonstrated that
coronaviruses hold mechanisms to evade host innate immune responses, in particular type | IFN signalling.

The data can be analysed in light of a recent publication by Hackbart (PNAS 2020, see below), who demonstrated that
a coronavirus endoribonuclease (EndoU) delays the activation of the host sensor system, by a mechanism where
EndoU cleaves the 5-polyuridines from negative-sense viral RNA, which would otherwise be recognized by the
cytosolic RNA sensor MDAS. Taken together, these findings suggest that SARS-CoV-2 can evade or delay antiviral
immunity, ultimately leading to a dysregulated immune response and increased immunopathogenesis.

Wen (Cell Discov 2020, see below) depicted a high-resolution transcriptome landscape of blood immune cell subsets
during the recovery stage of COVID-19. It revealed that, compared to that in the healthy controls (HCs), monocytes
containing high inflammatory gene expression and IL1B+ subsets predominated, whereas CD4+ T cells decreased
remarkably in patients in the early recovery stage of COVID-19. We found that T and B cell clones were highly expanded
during the recovery stage in COVID-19 patients.

Immunity to other coronaviruses and cross-reactivity

Data pertaining to immunity against other coronaviruses could be very relevant to the understanding of immune
responses to (and pathogenesis of) SARS-CoV-2. For instance, Wang (Virol Sin 2018, see below) found antibodies
against bat SARS-related coronavirus in people living near caves inhabited by bats in China. A recent report also
described serology testing against common human CoV strains in a prospective study of 200 subjects evaluated for
respiratory infections in the U.S. (Gorse J Med Vir 2020, see below). Interestingly, a publication by Chan (J Clin Virol
2009, see below) presented the seroprevalence of HCoV HKU1 according to age, showing steadily increasing
seroprevalence in childhood and early adulthood, from 0% in the < 10 years age group to a plateau of 21.6% in the 31-
40 years age group in Hong Kong. To what extent such immunity may impact immune responses to SARS-CoV-2
remains to be defined.
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Cross-reactivity of antibodies

In silico work and samples from immunized animals

Based on structure analyses, Tian (Em Inf Dis 2020, see below) predicted potent binding of SARS-CoV-2 S protein by
SARS-specific human monoclonal antibody CR3022. Yuan (Science 2020, see below) determined the crystal structure
of CR3022 in complex with the receptor-binding domain (RBD) of the SARS-CoV-2 S protein. CR3022 was found to
target a highly conserved epitope, distal from the receptor-binding site, that enables cross-reactive binding between
SARS-CoV-2 and SARS-CoV. However, in vitro experiments remain to be done to confirm neutralization.

Using MLV-based pseudotypes neutralization assays, Walls (Cell 2020, see below) investigated the ability of plasma
from four mice immunized with a stabilized SARS-CoV S to inhibit SARS-CoV-2 S- and SARS-CoV S-mediated entry into
target cells. All sera tested completely inhibited transduction of SARS-CoV S-MLV and reduced SARS-CoV-2 S-MLV
transduction to ~10% of control in Vero E6 cells. The elicitation of a heterotypic response blocking SARS-CoV-2 S-
mediated entry into host cells concurred with the sequence and structural conservation of SARS-CoV-2 S and SARS-
CoV S along with their comparable glycans shields and suggested that immunity against one virus of the sarbecovirus
subgenus can potentially provide protection against related viruses.

Ou (Nature Comm 2020, see below) also investigated antibody cross-reactivity between SARS-CoV-2 S and SARS-COV
S. Polyclonal anti-SARS S1 antibodies T62 inhibited entry of SARS-CoV S- but not SARS-CoV-2 S-pseudovirions.

Human samples

Further studies by Ou (Nature Comm 2020, see below) using recovered SARS and COVID-19 patients’ sera showed
limited cross-neutralization. Similarly, a serosurvey of a small number of healthy donors who provided samples prior
to the emergence of SARS-CoV-2 indicated that pre-existing antibodies to common human CoVs show very little cross-
reactivity to SARS-CoV-2 (St John J Immunol 2020, see below). One preliminary study of a small cohort of SARS-CoV-2
immune individuals showed that there was no cross-reactivity of their Abs against the RBD of S protein from SARS-
CoV or MERS-CoV, and no cross-neutralization of the viruses. Most cross-reactive Abs are directed at the S2 domain
of S protein and the NP protein.

Immune evasion mechanisms

RNAi

As explained by Mu (Sci China Life Sci. 2020, see below), viral infection and replication generates virus-derived dsRNA
(vi-dsRNA), which could be recognized and cleaved by the host endoribonuclease Dicer into virus-derived siRNAs
(vsiRNAs). These vsiRNAs are integrated into the Argonaute protein within the RNA-induced silencing complex (RISC)
to direct the destruction of cognate viral RNAs in infected cells in a sequence-specific manner. As a countermeasure,
viruses encode viral suppressors of RNAi (VSRs) to antagonize the RNAi pathway at different steps. Previous study has
reported that SARS-CoV nucleocapsid (N) protein displayed a VSR activity in mammalian cells via a cellular reversal-of-
silencing assay. Mu showed that SARS-CoV-2 can act as a VSR in cells in both initiation and effector steps of RNAI,
thereby probably representing a key immune evasion factor of SARS-CoV-2 and contributing to the pathogenicity of
the virus.

Clinical disease

Initial observations in Wuhan

In December, 2019, a series of pneumonia cases of unknown cause emerged in Wuhan, Hubei, China, with clinical
presentations greatly resembling viral pneumonia (http://www.who.int/csr/don/12-january-2020-novel-coronavirus-
china/en/). By Jan 2, 2020, 41 admitted hospital patients had been identified as having laboratory-confirmed COVID-
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19 (Huang Lancet 2020, see below). Most of the infected patients were men (30 [73%] of 41); less than half had
underlying diseases (13 [32%]), including diabetes (eight [20%]), hypertension (six [15%]), and cardiovascular disease
(six [15%]). Median age was 49.0 years (IQR 41.0-58.0). 27 (66%) of 41 patients had been exposed to Huanan seafood
market. One family cluster was found. Common symptoms at onset of illness were fever (40 [98%)] of 41 patients),
cough (31 [76%]), and myalgia or fatigue (18 [44%]); less common symptoms were sputum production (11 [28%)] of
39), headache (three [8%)] of 38), haemoptysis (two [5%] of 39), and diarrhoea (one [3%] of 38). Dyspnoea developed
in 22 (55%) of 40 patients (median time from illness onset to dyspnoea 8:0 days [IQR 5.0-13.0]). 26 (63%) of 41 patients
had lymphopenia. All 41 patients had pneumonia with abnormal findings on chest CT. Complications included acute
respiratory distress syndrome (12 [29%]), RNAaemia (six [15%]), acute cardiac injury (five [12%]) and secondary
infection (four [10%]). 13 (32%) patients were admitted to an ICU and six (15%) died. Compared with non-ICU patients,
ICU patients had higher plasma levels of IL2, IL7, IL10, GSCF, IP10, MCP1, MIP1A, and TNFa.

Incubation period

Among the first 425 patients with confirmed COVID-19-pneumonia, the mean incubation period was 5.2 days (95%
confidence interval, 4.1 to 7.0), with the 95th percentile of the distribution at 12.5 days (Li New Engl J Med 2020, see
below). This observation was confirmed by other datasets as illustrated in Table 2 below.

Table 2 Incubation period as reported by different studies

Mean incubation period and Other information
95% confidence interval
. 95th percentile of the distribution
Li NewEngl J Med 2020 5.2 days (95% Cl, 4.1 to 7.0) at 12.5 days
Liu (https://www.biorxiv.org/content/10.1101/2020.01.25.919787v1.full) 4.8 days (+2.6) ranging from 2 to 11 days
Wang 7.4 days median 7 days (no more than 14
(https://www.medrxiv.org/content/10.1101/2020.02.21.20026112v2.full.pdf) days for 92% patients)
. . ranging from 2.1 to 11.1 days (2.5th
Backer (https://www.medrxiv.org/content/10.1101/2020.01.27.20018986v2) 6.4 days (95% Cl, 5.6 - 7.7) to 97.5th percentile)
Guan median of 3 days; ranging from 0 to
(https://www.medrxiv.org/content/10.1101/2020.02.06.20020974v1.full.pdf) 24 days
Xu BMJ 2020 median 4 days (interquartile range
3-5 days)
Jia Disaster Med Public Health Prep 2020 6.28 days
Leung Infect Control Hosp Epidemiol 2020 1.8 days (95% Cl, 1.0 to 2.7) For travellers to Hubei
Leung Infect Control Hosp Epidemiol 2020 7.2 days (95% Cl, 6.1 to 8.4) For non-travellers

Lauer (Ann Intern Med 2020, see below) assessed the incubation period using a compilation of 181 published cases
with identifiable exposure and symptom onset windows. A median incubation period of 5.1 days (95% Cl, 4.5 t0 5.8
days) was found, with 97.5% of those who develop symptoms doing so within 11.5 days (Cl, 8.2 to 15.6 days) of
infection. These estimates imply that, under conservative assumptions, 101 out of every 10,000 cases will develop
symptoms after 14 days of active monitoring or quarantine. Whether this risk is acceptable will depend on the
underlying risk of infection and consequences of missed cases.

Similar results were obtained by Linton (J Clin Med 2020 see below), who found the incubation period to falls within
the range of 2-14 days with 95% confidence and to have a mean of around 5 days. Based on the 95th percentile
estimate of the incubation period, she recommended that the length of quarantine should be at least 14 days.

A systematic review of COVID-19 epidemiology by Park (J Clin Med 2020, see below), which included 41 studies,
indicated an estimated incubation period of 4-6 days.

Interestingly, based on reports collected in China, Han (manuscript on MedRxiv:
https://www.medrxiv.org/content/10.1101/2020.02.24.20027474v1) found that the incubation periods of groups of
individuals with age>=40 years and age<40 years demonstrated a statistically significant difference. The former group
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had a longer incubation period and a larger variance than the latter. Cai (Clin Inf Dis 2020, see below) reported an
incubation period in children of about two days usually, with a range of 2-10 days.

Description of clinical disease
Shi (Cell Death Diff 2020, see below) described SARS-CoV-2 infection as a 3-stage process: stage |, an asymptomatic
incubation period with or without detectable virus; stage I, non-severe symptomatic period with the presence of virus;

stage lll, severe respiratory symptomatic stage with high viral load.
Clinical disease in China

Individual reports
Alarge number of reports provide descriptions of the clinical signs associated with COVID-19 in Wuhan and other cities

in China. The disease ranges from mild infection to severe acute respiratory infection. Table 3 illustrates the signs and
symptoms detected in a selection of early reports describing the disease as observed in hospitalized patients.

Table 3 Clinical presentation in different cohorts of patients with COVID-19 pneumonia (frequency of reported symptoms)

Chen Lancet 2020 | Song Radiol 2020 | Chang JAMA 2020 | Guan NEJM 2020 | Wang JAMA 2020
(n=99*) (n=51) (n=13) (n=1099**) (n=138)
fever 83% 96% 92.3% 88.7% 98.6%
cough 82% 47% 46.3% 67.8% 59.4%
shortness of breath (dyspnoea) 31% 18.7% 31.2%
muscle ache (myalgia) 11% 319% 23.1% 14.9% 34.8%
fatigue 38.1% 69.6%
confusion 9%
headache 8% 16% 23.1% 13.6%
sore throat 5% 13.9%
rhinorrhoea 4%
chest pain 2%
diarrhoea 2% 10% 3.8% 10.1%
nausea and vomiting 1% 5% 10.1%
acute respiratory distress syndrome 17% 3.4%

* Among the 99 patients, 76% patients received antiviral treatment, including oseltamivir (75 mg every 12 h, orally), ganciclovir (0.25 g every
12 h, intravenously), and lopinavir and ritonavir tablets (500 mg twice daily, orally). The duration of antiviral treatment was 3-14 days (median 3

days)

** patients with laboratory-confirmed COVID-19 acute respiratory disease from 552 hospitals in 31 provinces/provincial municipalities through
January 29th, 2020; see https://www.medrxiv.org/content/10.1101/2020.02.06.20020974v1

Additional data were also made available in the reports listed below (non-exhaustive):
e Zhang (Virol Sin 2020, see below) described 2 cases of COVID-19 in Wuhan
e Huang (Trav Med Inf Dis 2020, see below) described 34 cases in Wuhan
e Chen (on MedRxiV: https://www.medrxiv.org/content/10.1101/2020.02.16.20023903v1) described 21
patients with COVID-19
e Li (on MedRxiv: https://www.medrxiv.org/content/10.1101/2020.02.11.20022053v1.full.pdf) described 17

patients outside Wuhan
e Cai (on MedRXiv: https://www.medrxiv.org/content/10.1101/2020.02.17.20024018v1) described 298

confirmed cases in the Third People's Hospital of Shenzhen, from January 11, 2020 to February 6, 2020
e Zhang (Allergy 2020, see below) described 140 patients in Wuhan, aged 25 to 87 years
e Liu (Chin Med J 2020, see below) described 78 patients in Wuhan
e Yang (Lancet 2020, see below) described 52 critically ill patients
e Liu (on MedRxiv https://www.medrxiv.org/content/10.1101/2020.02.17.20024166v3) described 109 patients,

including 53 severe disease cases.
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e Xu (BMJ 2020, see below) described 62 hospitalized patients with confirmed infection in seven hospitals in
Zhejiang province.

e Wu (Clin Inf Dis 2020, see below) described 80 patients in Jiangsu Province.

e Yang (on MedRxiv: https://www.medrxiv.org/content/10.1101/2020.02.28.20028068v1) analysed 55
hospitalized cases in Beijing.

e Zhou (Lancet 2020, see below) provided details on 191 patients with laboratory-confirmed disease in Wuhan.
e Qian (QJM 2020, see below) described 91 hospitalized patients with COVID-19 in Zhejiang.
e Lian (Influenza Other Respir Viruses 2020, see below) analyzed 465 confirmed cases in Zhejiang province.

Metaanalyses

A metaanalysis by Sun (J Med Vir 2020, see below) covered ten of these studies?, including a total number of 50 466
patients. It confirmed that fever and cough are the most common symptoms in patients with SARS-CoV-2 infection,
and that a vast majority of these patients (96.6%) have abnormal chest CT examination. The incidence of fever was
estimated at 89.1%, the incidence of cough 72.2%, and the incidence of muscle soreness or fatigue 42.5%. In this
analysis, the incidence of acute respiratory distress syndrome (ARDS) reached 14.8%. ARDS is the most severe form of
acute lung injury (Cheng, Wang et al. ] Med Vir 2020, see below). It is characterized mainly by increased pulmonary
vascular permeability and pulmonary oedema. It is often induced by sepsis, aspiration, and pneumonia (including that
caused by SARS coronavirus and human influenza viruses). It is a clinical, high-death-rate disease.

Diarrhoea, haemoptysis, headache, sore throat, shock, and other symptoms were reported to occur only in a small
number of patients.

Of note, Sun (J Med Vir 2020, see below) reported a definition of fever as temperature > 37.3°C. He did not provide
details on the method of temperature recording (e.g. axillary, forehead or sublingual). This definition was indeed
reported for instance by Song (Radiol 2020). By contrast, Guan (NEJM 2020, see below) mentioned a definition of fever
as an axillary temperature of 37.5°C or higher. Such discrepancies can be expected to result in some variability across
hospitals with regard to the detection of this symptom.

Another metaanalysis by Li (J Med Vir 2020, see below), including a somewhat different set of ten studies? found the
main clinical symptoms of COVID-19 patients to be fever (88.5%), cough (68.6%), myalgia or fatigue (35.8%),
expectoration (28.2%), and dyspnoea (21.9%). In addition to common respiratory symptoms, the symptoms of
headache or dizziness (12.1%), diarrhoea (4.8%), nausea, and vomiting (3.9%) were also obvious in some patients.

A third metaanalysis by Rodriguez-Morales (Trav Med Inf Dis 2020, see below) found that in 656 patients, fever (88.7%,
95%Cl 84.5-92.9%), cough (57.6%, 40.8-74.4%) and dyspnea (45.6%, 10.9-80.4%) were the most prevalent
manifestations. Among the patients, 20.3% (95%CI 10.0-30.6%) required intensive care unit (ICU), 32.8% presented
with ARDS (95%Cl 13.7-51.8), 6.2% (95%Cl 3.1-9.3) with shock. Some 13.9% (95%Cl 6.2-21.5%) of hospitalized patients
had fatal outcome.

A review by Borges do Nascimento (J Clin Med 2020, see below), covering a total of 61 studies (59,254 patients),
provided another metaanalysis of available clinical data. The most common disease-related symptoms were fever
(82%, 95% confidence interval (Cl) 56%—99%; n = 4410), cough (61%, 95% Cl 39%—81%; n = 3985), muscle aches and/or

! Huang Lancet 2020; Wang JAMA 2020 ; Chen Lancet 2020; Guan NEJM 2020 ; Chen Zhonghua Jie He He Hu Xi Za Zhi.; Sun,
Lancet 2020; Yang medRxiv 2020 (manuscript subsequently withdrawn); Li medRxiv 2020; The Novel Coronavirus Pneumonia
Emergency Response Epidemiology Team, Chinese Center for Disease Control and Prevention. Zhong Hua Liu Xing Bing Xue Za
Zhi 2020; Xu BMJ 2020.

2 Huang Lancet 2020; Chang JAMA 2020; Guan NEJM 2020; Wang JAMA 2020; Li N Engl J Med 2020; Chen Lancet 2020; Wang
Biosci Trends 2020; Kui Chin Med J 2020; Lei Chin J Tuberc Resp Dis 2020; Minggiang Chin Med J 2020.
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fatigue (36%, 95% Cl 18%—55%; n = 3778), dyspnea (26%, 95% Cl 12%—-41%; n = 3700), headache in 12% (95% Cl| 4%—
23%, n = 3598 patients), sore throat in 10% (95% Cl 5%—17%, n = 1387) and gastrointestinal symptoms in 9% (95% Cl
3%-17%, n = 1744).

A relevant feature of COVID-19, not addressed by the metaanalyses, is the absence of dyspnea, observed even in the
most severe cases, in which subjects present tachypnea and tachycardia (Bertran Recasens Eur J Neurol. 2020, see
below). In the Wuhan cohort, 62.4% of severe cases and 46.3% of those who ended up intubated, ventilated or dead
did not present dyspnea.

Less frequent observations

Hu (Eur Heart J, see below) presented a COVID-19 case with fulminant myocarditis with cardiogenic shock. This clinical
presentation had initially been reported to be rare, but was subsequently better recognized. A review by Bansal
(Diabetes Metab Syndr. 2020, see below) indicated that acute cardiac injury, defined as significant elevation of cardiac
troponins, is the most commonly reported cardiac abnormality in COVID-19. It occurs in approximately 8-12% of all
patients. Direct myocardial injury due to viral involvement of cardiomyocytes and the effect of systemic inflammation
appear to be the most common mechanisms responsible for cardiac injury.

Of note, while expression of the ACE2 receptor in kidney and bladder had suggested the possibility of renal
involvement in COVID-19, Wang (manuscript on MedRxiv:
https://www.medrxiv.org/content/10.1101/2020.02.19.20025288v1) analysed data from 116 hospitalized patients,
and concluded that acute renal impairment was uncommon in COVID-19, and that there was no aggravation of chronic

renal failure observed in this cohort.

Although abnormalities of liver function indexes are common in COVID-19 patients, based on a retrospective study
conducted on 115 confirmed cases, the impairment of liver function was not found by Zhang (Liver Int 2020, see below)
to be a prominent feature of COVID-19.

A report by Zhao (Lancet Neurol 2020, see below) described a case of SARS-CoV-2 infection associated with Guillain-
Barré syndrome.

Clinical disease outside China

Descriptions of cases that occurred outside China are also available. For instance:

e Ki (Epidemiol Health 2020) described the early cases identified in Korea,

e Holshue the first case in the United States of America (USA) (New Engl J Med 2020, see below), and Harcourt
(Emerg Infect Dis 2020, see below) the virus isolation from this patients and its characterization,

e Arentz (JAMA 2020, see below) 21 critically Il patients with COVID-19 in Washington State, USA

e Bastola (Lancet Inf Dis 2020, see below) and Shrestha (J Travel Med 2020, see below) the first case in Nepal,

e Silverstein (Lancet 2020, see below) and Marchand-Senecal (Clin Inf Dis 2020, see below) described the first
imported case in Canada.

e Van Cuong (Lancet Inf Dis 2020, see below) the first case in Vietnam

e Cheng (J Formos Med Assoc 2020, see below) described the first case in Taiwan

e Huang (J Micr Imm Inf 2020, see below) described 2 cases in Taiwan

e Lillie (J Inf 2020, see below) described 2 cases in the UK with person to person transmission

e Young (JAMA 2020, see below) described the case series of the first 18 patients with PCR-confirmed SARS-
CoV-2 infection at 4 hospitals in Singapore from January 23 to February 3, 2020

e The COVID-19 National Emergency Response Center (Osong Public Health Res Perspect 2020, see below)
presented 28 cases in South Korea.
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e Bernard Stoecklin (Eurosurv 2020, see below) and Lescure (Lancet Inf Dis 2020, see below) presented the first
cases in France

e Pongpirul (Emerg Infect Dis. 2020, see below) described 11 cases in Thailand

e Goyal (NEJM 2020, see below) described the key characteristics of 393 patients in New York

Spiteri (Euro Surv 2020: https://www.eurosurveillance.org/content/10.2807/1560-7917.ES.2020.25.9.2000178)
described the first cases detected in Europe, excluding cases reported in the United Kingdom (UK), as at 21 February

2020. The analysis included both sporadic cases among travellers from China (14 cases) and cases who acquired
infection due to subsequent local transmission in Europe (21 cases). The clinical presentation observed in the cases in
Europe is that of an acute respiratory infection. However, of the 31 cases with information on symptoms, 20 cases
presented with fever and nine cases presented only with fever and no other symptoms.

A systematic review by Grant (PLoS One 2020, see below) determined the prevalence of symptoms associated with
COVID-19 worldwide. The most prevalent symptoms were fever (78% [95% Cl 75%-81%)]; 138 studies, 21,701 patients;
12 94%), a cough (57% [95% Cl 54%-60%]; 138 studies, 21,682 patients; 12 94%) and fatigue (31% [95% Cl 27%-35%];
78 studies, 13,385 patients; 12 95%). Overall, 19% of hospitalised patients required non-invasive ventilation (44 studies,
6,513 patients), 17% required intensive care (33 studies, 7504 patients), 9% required invasive ventilation (45 studies,
6933 patients) and 2% required extra-corporeal membrane oxygenation (12 studies, 1,486 patients).

Non-respiratory symptoms

Cardiac manifestations

A meta-analysis by Li (Prog Cardiovasc Dis 2020, see below) found acute cardiac injury more frequent in those with
severe, compared to milder, disease (risk ratio 5.99, 3.04 to 11.80; p < 0.001). Meta-regression suggested that cardiac
injury biomarker differences of severity are related to a history of hypertension (p = 0.030). In addition, COVID19-
related cardiac injury was associated with higher mortality (summary risk ratio 3.85, 2.13 t0 6.96; p < 0.001). hsTnl and
NT-proBNP levels increased during the course of hospitalization only in non-survivors.

Gastrointestinal symptoms
A U.S. case-control study among the 278 COVID-19 positive patients showed 35% of patients had gastrointestinal
symptoms (Nobel Gastroenterology 2020, see below)

Skin disorders

Searching for evidence of skin involvement of COVID-19, Recalcati (J Eur Acad Dermatol Venereol 2020, see below)
retrospectively analysed 88 patients, of which 18 patients (20.4%) developed cutaneous manifestations: 8 patients
developed cutaneous involvement at the onset, 10 patients after the hospitalization. Cutaneous manifestations were
erythematous rash (14 patients), widespread urticaria (3 patients) and chickenpox-like vesicles (1 patient). This is the
first report of this kind. Confirmation that these lesions are caused by the virus remains to be obtained.

Joob (J Am Acad Dermatol 2020, see below) also provided a case report from Thailand where the patient presented a
skin rash with petechiae. Other common virus infections that might cause fever, rash and respiratory problem were
ruled out by laboratory investigation and the final diagnosis of COVID-19 infection was by RT-PCR.

Zulfigar (NEJM 2020, see below) described a case of thrombocytopenic purpura in a female patient with COVID-19.
The temporal sequence in this case suggested, but did not prove, that COVID-19 was a causal factor.

Kolivras (JAAD Case Rep. 2020, see below) presented a case report of COVID-19 induced chilblains. Other reports of
such symptom had appeared before in social media and in scientific literature. This case is interesting as a punch
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biopsy was obtained. Histopathologic findings resembled chilblain lupus with an absence of significant papillary dermal

oedema. There was a superficial and deep lymphoplasmacytic infiltrate.

Wollina (Dermatol Ther 2020, see below) presented a good overview of cutaneous signs in COVID-19 patients.

Venous thromboembolism
While alterations of the coagulation pathways had soon been detected by clinical laboratory analyses, reports of
thromboembolism related to COVID-19 appeared a few weeks later in the scientific literature.

Davoodi (preprint available at Research Square: https://www.researchsquare.com/article/rs-21602/v1)

reported a case of deep vein thrombosis in a 57-year-old woman presenting with pain, redness, and leg
swelling, who was then diagnosed with COVID-19.

Chen (non-peer-reviewed manuscript available at:
https://papers.ssrn.com/sol3/papers.cfim?abstract id=3548771) presented a retrospective analysis of 25
patients confirmed COVID-19 pneumonia who also underwent CT pulmonary angiography scans. Ten patients
were acute pulmonary embolism positive as presented on CT pulmonary angiography and the median D-dimer

level was 11.07ug/ml (IQR, 7.12-21.66); acute pulmonary embolism in these patients was found dominantly
located in small branches of the pulmonary artery. Fifteen patients were acute pulmonary embolism negative
and median D-dimer levels was 2.44ug/ml (IQR, 1.68-8.34). Lymphopenia (lymphocyte count, median 0.81x10°
/L, IQR, 0.55-1.05x10° /L) mostly occurred in 19 patients (76%). Serum CRP and B-type BNP were frequently
increased and Albumin and Pa02 decreased among the 25 patients; however except for D-dimer, no significant
differences in laboratory data were found between these two groups.

Cui (J Thromb Haemost. 2020, see below) found an incidence of 25% (20/81) venous thromboembolism among
patients with severe disease; 8 of these patients with venous thromboembolism events died. The venous
thromboembolism group was different from the non-venous thromboembolism group in age, lymphocytes
counts, activated partial thromboplastin time (APTT), D-dimer, etc. If 1.5 pg/mL was used as the D-dimer cut-
off value to predicting venous thromboembolism, the sensitivity was 85.0%, the specificity was 88.5% and the
negative predictive value (NPV) was 94.7%.

The incidence of thrombotic complications (composite outcome of symptomatic acute pulmonary embolism,
deep-vein thrombosis, ischemic stroke, myocardial infarction or systemic arterial embolism) was studied in
184 ICU patients with proven COVID-19 pneumonia at 3 Dutch hospitals (Klok Thrombosis Res 2020:
https://www.sciencedirect.com/science/article/pii/S0049384820301201). All patients received at least
standard dose thromboprophylaxis. The cumulative incidence of the composite outcome was 31% (95%Cl 20-
41), of which CT pulmonary angiography and/or ultrasonography confirmed venous thromboembolismin 27%
(95%CI 17-37%) and arterial thrombotic events in 3.7% (95%Cl 0-8.2%). Acute pulmonary embolism was the
most frequent thrombotic complication (n = 25, 81%). In this study, age (adjusted hazard ratio (aHR) 1.05/per

year, 95%Cl 1.004-1.01) and coagulopathy, defined as spontaneous prolongation of the prothrombin time > 3
s or activated partial thromboplastin time > 5 s (aHR 4.1, 95%Cl 1.9-9.1), were independent predictors of
thrombotic complications.

A retrospective study conducted in France evaluated 26 consecutive patients with severe COVID-19 (Llitjos J
Thromb Haemost 2020, see below). Eight of these patients (31%) were treated with prophylactic
anticoagulation whereas 18 patients (69%) were treated with therapeutic anticoagulation. The overall rate of
venous thromboembolic events in patients was 69%. The proportion of venous thromboembolic events was
significantly higher in patients treated with prophylactic anticoagulation when compared to the other group
(100% vs. 56%, respectively, p=0.03). Surprisingly, the authors found a high rate of thromboembolic events in
COVID-19 patients treated with therapeutic anticoagulation, with 56% of venous thromboembolic events and
6 pulmonary embolisms.
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Central nervous system manifestations

Asadi-Pooya (J Neurol Sci 2020, see below) provided a systematic review on central nervous system manifestations of
COVID-19. While neurological manifestations of COVID-19 have not been studied appropriately, the authors
considered highly likely that some of these patients, particularly those who suffer from a severe illness, have CNS
involvement and neurological manifestations.

Taste and olfactory disorders
Multiple reports in the media in March 2020 associated anosmia and dysgeusia with COVID-19 (see for instance,
https://www.sciencealert.com/mild-covid-19-might-cause-a-lost-of-smell-or-taste; or

https://edition.cnn.com/2020/03/23/health/coronavirus-symptoms-smell-intl/index.html). Giacomelli (Clin Inf Dis

2020, see below) performed a cross-sectional survey of the prevalence of olfactory and taste disorders in the context
of SARS-CoV-2 infection. Twenty (33.9%) reported at least one taste or olfactory disorder and 11 (18.6%) both. Twelve
patients (20.3%) presented the symptoms before the hospital admission, whereas 8 (13.5%) experienced the
symptoms during the hospital stay. Taste alterations were more frequently (91%) before hospitalization, whereas after
hospitalization taste and olfactory alteration appeared with equal frequency. Mao (manuscript on MedRxiv:
https://www.medrxiv.org/content/10.1101/2020.02.22.20026500v1.full.pdf) reported hypogeusia in 12 [5.6%]) and
hyposmia in 11 out of 214 patients [5.1%]). A study by Lechien (Eur Arch Otorhinolaryngol 2020, see below) involved

417 mild-to-moderate COVID-19 patients. Face pain and nasal obstruction were the most disease-related
otolaryngological symptoms in this cohort. 85.6% and 88.0% of patients reported olfactory and gustatory dysfunctions,
respectively. There was a significant association between both disorders (p < 0.001). Olfactory dysfunction appeared
before the other symptoms in 11.8% of cases. Among the 18.2% of patients without nasal obstruction or rhinorrhoea,
79.7% were hyposmic or anosmic. The early olfactory recovery rate was 44.0%. Females were significantly more
affected by olfactory and gustatory dysfunctions than males (p = 0.001).

Eliezer (JAMA Otolaryngol Head Neck Surg 2020, see below) presented a case where the main symptom expressed by
the patient infected by SARS-CoV-2 was the sudden and complete loss of the olfactory function without nasal
obstruction. CT scan of the nasal cavity that showed bilateral inflammatory obstruction of the olfactory clefts that was
confirmed on magnetic resonance imaging of the nasal cavity. There were no anomalies of the olfactory bulbs and
tracts. Similarly, Galougahi (Acad Radiol 2020, see below) found normal olfactory bulb volume without abnormal signal
intensity in the olfactory bulb and tract and no sign of nasal congestion by magnetic resonance. This finding is
consistent with prior reports of SARS-CoV-induced anosmia, where olfactory bulb MRI similarly did not demonstrate
abnormal findings. The authors suggested further investigations incl. longitudinal MRI both in the acute and in follow-
up phases of the disease.

Of note, Gane (Rhinology 2020, see below) reported a case characterized by sudden onset anosmia in a COVID-19
confirmed patient who did not develop any further symptoms. Based on a survey of 2428 patients reporting new onset
anosmia during the COVID-19 pandemic, Hopkins (Rhinology 2020, see below) concluded that 1 in 6 patients with
recent onset anosmia reports this as an isolated symptom. COVID-19 testing was not performed in this study, but the
authors recommended additional studies to further investigate the link between this symptom and the virus.

In a Stockholm, Sweden, hospital, where 19.1% of the medical staff (N=2149) were seropositive for SARS-CoV-2 (IgG
antibodies, as tested by multiplex assay displaying 99.4% sensitivity and 99.1% specificity), the symptoms with the
strongest correlation to seroprevalence were anosmia and ageusia, indicating that both disorders be included in
screening guidance and in the recommendations of self-isolation to reduce further spread of SARS-CoV-2 (Rudberg,
preprint on MedRxiv : https://doi.org/10.1101/2020.06.22.20137646).
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Guillain-Barre Syndrome

Toscano (NEJM 2020, see below) examined five patients who had Guillain—Barré syndrome after the onset of COVID-
19. The findings were generally consistent with an axonal variant of Guillain—Barré syndrome in three patients and
with a demyelinating process in two patients. The authors reported that they could not determine whether severe
deficits and axonal involvement are typical features of COVID-19—-associated Guillain—Barré syndrome. An additional
case observed in Iran was reported by Sedaghat (J Clin Neurosci 2020, see below), and a case in the U.S.A. presented
by Virani (IDCases 2020, see below). Subsequently, a review by Brouwer (Brouwer Infez Med 2020, see below)
identified a total of 9 cases of Guillain-Barré syndrome.

Clinical imaging
Chest computed tomography

A number of reports provide a detailed description of chest computed tomography (CT) scan findings of patients with
COVID-19 pneumonia. For instance:

e Kong Radiol 2020 on https://pubs.rsna.org/doi/full/10.1148/ryct.2020200028;

e LiRadiol 2020 on https://pubs.rsna.org/doi/full/10.1148/ryct.2020200026;

e Ng Radiol 2020 on https://pubs.rsna.org/doi/full/10.1148/ryct.2020200034;

e Song Radiol 2020, see below

e Chung Radiol 2020, see below

e Bernheim Radiol 2020, see below

e Yoon Korean J Radiol 2020, see below

e  Xu Eur J Nucl Med Mol Imaging 2020, see below

e Yang (J Inf 2020, see below) presented clinical imaging data from 149 RT-PCR confirmed positive patients in
three tertiary hospitals of Wenzhou.

e Shi Lancet Inf Dis 2020, see below

e Xu (JInf 2020, see below) described data from 50 patients, including mild type, common, severe and critically
severe cases.

e Albarello (IntJ Infect Dis 2020, see below) presented the CT findings in 2 cases in Italy.

e Liand Xia (AJR Am J Roentgenol 2020, see below) described 51 cases in Wuhan.

e Zhou (AJR Am J Roentgenol 2020, see below) described CT findings in 62 patients in Wuhan.

e Xiong (Invest Radiol 2020, see below) described 42 cases in Wuhan including cases with progressive disease
features.

e Zhu (J Inf 2020, see below) described 6 cases in Guangzhou.

e Li(Ped Radiol 2020, see below) presented CT findings from 5 children at a large tertiary-care hospital in China
with positive RT-PCR for COVID-19.

e Xia (Pedriatr Pulmonol 2020, see below) described 20 paediatric patients , of which 6 presented with unilateral
pulmonary lesions (6/20, 30%), 10 with bilateral pulmonary lesions (10/20, 50%), and 4 showed no
abnormality on chest CT (4/20, 20%).

e Zhao (Clin Radiol 2020, see below) presented chest CT images of 80 patients in China.

Guan (NEJM 2020, see below) found that on admission ground-glass opacity (see Figure 6) was the typical radiological
finding on chest CT (50.00%, in a dataset of 1 099 patients with laboratory-confirmed disease). The typical radiological
imaging of COVID-19 pneumonia demonstrated destruction of the pulmonary parenchyma including interstitial
inflammation and extensive consolidation, similar to SARS (Pan Radiol 2020, see below). However, some patients with
COVID-19 pneumonia consistently demonstrated no hypoxemia or respiratory distress during the course of
hospitalization. A study in 21 patients recovering from COVID-19 pneumonia (without severe respiratory distress

Authors: Martine Denis, Valerie Vandeweerd, Rein Verbeke, Anne Laudisoit, Tristan Reid, Emma Hobbs, Laure Wynants, Diane
Van der Vliet
COVIPENDIUM version: 15 JULY 2020 Transdisciplinary Insights - Living Paper | 34


https://pubs.rsna.org/doi/full/10.1148/ryct.2020200028
https://pubs.rsna.org/doi/full/10.1148/ryct.2020200026
https://pubs.rsna.org/doi/full/10.1148/ryct.2020200034

during the disease course) showed that lung abnormalities on chest CT showed greatest severity approximately 10
days after initial onset of symptoms. Dai (Can Assoc Radiol 2020, see below) also discussed the difference between
COVID-19 and other lung diseases.

Zhang (Int Care Med 2020, see below) observed white “Septal Lines” in a 75-year-old male confirmed with severe
COVID-19 pneumonia, suggesting that cellulosic exudation occurred at the surface of lung lobes.

Salehi (AJR Am J Roentgenol 2020, see below) published a systematic review of imaging findings in 919 patients. The
authors found the characteristic patterns and distribution of CT manifestations: ground glass opacification (GGO)
(88.0%), bilateral involvement (87.5%), peripheral distribution (76.0%), and multilobar (more than one lobe)
involvement (78.8%) (

Table a). Isolated GGO or a combination of GGO and consolidative opacities were some of the most common CT
findings. Other CT findings included interlobular septal thickening, bronchiectasis, pleural thickening, and subpleural
involvement, with various rates across the studies. Pleural effusion, pericardial effusion, lymphadenopathy, cavitation,
CT halo sign, and pneumothorax were less common or rare.

Figure 6 CT lung imaging from a 41-year-old woman who tested positive for COVID-19. This 3-D reconstruction shows multifocal ground
glass opacities without consolidation (from https://www.itnonline.com/content/radiologists-describe-coronavirus-ct-imaging-features).

Table 4 Common Patterns and Distribution on Initial CT Images of 919 Patients With COVID-19 (from Salehi AJR AM J Roentgenol 2020)

No. (%) of Reported Cases/
Imaging Finding No. of Studies Total No. of Patients

Bilateral involvement 12 435/497 (87.5)
Peripheral distribution 12 92/121(76.0)
Posterior involvement 1 41/51(80.4)

Multilobar involvement 5 108/137(78.8)
Ground-glass opacification 22 346/393(88.0)
Consolidation 10 65/204 (31.8)

Thirteen studies (2738 participants, with 2386 having abnormal CT imaging features) were included in a meta-analysis
by Bao (J Am Coll Radiol, see below), which was aimed at providing a more precise estimate of detection of COVID-19
by chest CT and reporting on the most common imaging findings on chest CT imaging. The pooled positive rate of the
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CT imaging was 89.76% and 90.35% when only including thin-section chest CT. Typical CT signs were ground glass
opacities (83.31%), ground glass opacities with mixed consolidation (58.42%), adjacent pleura thickening (52.46%),
interlobular septal thickening (48.46%), and air bronchograms (46.46%). Other CT signs included crazy paving pattern
(14.81%), pleural effusion (5.88%), bronchiectasis (5.42%), pericardial effusion (4.55%), and lymphadenopathy (3.38%).
The most anatomic distributions were bilateral lung infection (78.2%) and peripheral distribution (76.95%). The
incidences were highest in the right lower lobe (87.21%), left lower lobe (81.41%), and bilateral lower lobes (65.22%).
The right upper lobe (65.22%), right middle lobe (54.95%), and left upper lobe (69.43%) were also commonly involved.
The incidence of bilateral upper lobes was 60.87%. A considerable proportion of patients had three or more lobes
involved (70.81%).

Qin (Eur J Nucl Med Mol Imaging 2020, see below) described for the first time the 18F-FDG PET/CT findings of four
patients with COVID-19. The data confirmed previous observations of peripheral ground-glass opacities and/or lung
consolidations (in more than two pulmonary lobes). Lung lesions were characterized by a high 18F-FDG uptake and
there was evidence of lymph node involvement. Conversely, disseminated disease was absent, a finding suggesting
that COVID-19 has pulmonary tropism.

Following the evaluation of 80 patients, Wu (Invest Radiol 2020, see below) suggested significant correlations between
the degree of pulmonary inflammation and the main clinical symptoms and laboratory results. Similarly, Zhao (AJR Am
J Roentgenol 2020, see below) investigated the relationship between chest CT findings and the clinical condition of
101 patients with COVID-19 pneumonia in Hunan, China, and found that architectural distortion, traction
bronchiectasis, and CT involvement score aided in the evaluation of the severity and extent of the disease.

Based on a retrospective analysis of 27 consecutive patients, Yuan (PLoS One 2020, see below) found that a simple CT
scoring method was able to predict mortality.

Lung ultrasound

Chest CT has thus acquired a pivotal role for the diagnosis and assessment of lung involvement in COVID-19, and CT
protocols are used to estimate the pulmonary damage. Unfortunately, CT scanning is not available in all emergency
departments. Lung ultrasound is a surface imaging technique greatly developed in the last decades and strongly
recommended for acute respiratory failure. Poggiali (Radiol 2020, see below) presented preliminary data from 12
patients suggesting the feasibility of using bedside ultrasound for the early diagnosis of COVID-19 pneumonia. A
recommendation for more studies on this topic was also made by Soldati (J Ultrasound Med 2020, see below), who
presented data from 2 additional cases. However, a study by Lu (Ultraschall Med 2020, see below) showed moderate
agreement (Kappa=0.529) between bedside ultrasound for lung lesions and CT in patients with COVID-19. The
ultrasound scores to evaluate mild, moderate and severe lung lesions exhibited sensitivity of 68.8% (11/16), 77.8%
(7/9), 100.0% (2/2), specificity of 85.7% (12/14), 76.2% (16/21), 92.9% (26/28), and diagnostic accuracy of 76.7 %
(23/30), 76.7 % (23/30), 93.3% (28/30), respectively.

A standardized approach has been proposed to optimize the use of lung ultrasound in COVID-19 patients (Soldati,
Smargiassi et al. J Ultrasound Med 2020, see below). Moreover, a panel of international experts evaluated the position
of ultrasound in the management of COVID-19 and summarized benefits, open questions and challenges in the setting
of the COVID-19 epidemic (Ultraschall Med 2020, see below).

Laboratory finding & biomarkers

A number of reports present the laboratory observations associated with COVID-19. Various studies addressed the
search for a prognostic marker of severe infection, while others focused on understanding pathological mechanisms.

Authors: Martine Denis, Valerie Vandeweerd, Rein Verbeke, Anne Laudisoit, Tristan Reid, Emma Hobbs, Laure Wynants, Diane
Van der Vliet
COVIPENDIUM version: 15 JULY 2020 Transdisciplinary Insights - Living Paper | 36



Virus load

A number of reports analysed the virus load in respiratory secretions of COVID-19 patients (using RT-PCR). Key findings
related to virus detection in patients are illustrated below.

Virus load and disease severity

The viral load detected from the respiratory tract of patients was soon positively linked to lung disease severity (Liu
Sci China Life Sci 2020, see below), and subsequent studies confirmed this observation. Liu (Lancet Inf Dis 2020, see
below) presented data from 76 patients suggesting that the viral load of SARS-CoV-2 might be a useful marker for
assessing disease severity and prognosis. The mean viral load of severe cases was indeed around 60 times higher than
that of mild cases.

However, Lescure (Lancet Inf Dis 2020, see below) observed high nasopharyngeal virus load within the first 24 h of
illness onset (5.2 and 7.4 log10 copies per 1000 cells, respectively), in 2 patients with few symptoms.

Of note, older age was correlated with higher viral load (Spearman's p=0-48, 95% Cl 0:074-0-75; p=0-020) in a study by
To (Lancet inf Dis 2020, see below). However, a study by Zhou (Clin Infect Dis 2020, see below) did not reach the same
conclusion when comparing patients <65 yrs [31.0 (IQR: 23.5-40.5) days] to those 265 yrs [31.0 (IQR: 24.3-38.0) days)].

Virus load in different types of specimens
Presence of the virus in different types of clinical specimens was also analysed. Pan (Lancet Inf Dis 2020, see below)
for instance, reported such analysis from 82 infected individuals. The data can be summarized as follows:

e |n 2 patients monitored daily, the viral loads in throat swab and sputum samples peaked at around 5-6 days
after symptom onset, ranging from around 10* to 107 copies per mL during this time.

¢ Inindividuals at different stages of infection, viral loads ranged from 641 copies per mLto 1.34x10" copies per
mL, with a median of 7.99 x 10% in throat samples and 7.52 x 10° in sputum samples.

e Asputum sample collected on day 8 post-onset from a patient who died had a very high viral load (1-34 x 10"
copies per mL).

e Notably, two individuals, who were under active surveillance because of a history of exposure to infected
patients showed positive results on RT-PCR a day before onset, suggesting that infected individuals can be
infectious before them become symptomatic.

e From 17 confirmed cases with available data (representing days 0—13 after onset), stool samples from nine
(53%; days 0—11 after onset) were positive on RT-PCR analysis, but with lower viral loads than respiratory
samples.

Another study by Chen, Lan et al. (Em Micr Inf 2020, see below) found detectable SARS-CoV-2 RNA was in the blood
of 6 of 57 patients. Importantly, all of these 6 patients progressed to severe symptom stage, indicating a strong
correlation of serum viral RNA with disease severity (p-value = 0.0001).

Kinetic studies

In the cohort of 191 patients with laboratory-confirmed disease described by Zhou (Lancet 2020,
https://www.thelancet.com/journals/lancet/article/P11S0140-6736(20)30566-3/fulltext), duration of viral shedding
ranged between 8 and 37 days. The median duration of viral shedding was 20-0 days (IQR 17-:0—24-0) in survivors, but

continued until death in fatal cases.

In the study by Liu (Lancet Inf Dis 2020, see below), the viral load of severe cases remained significantly higher for the
first 12 days after onset than those of corresponding mild cases. Mild cases were also found to have an early viral
clearance, with 90% of these patients repeatedly testing negative on RT-PCR by day 10 post-onset. By contrast, all
severe cases still tested positive at or beyond day 10 post-onset.
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From a small series of 8 patients with mild to moderate disease, Ma (J Microbiol Immunol Infect 2020, see below)
suggested that stool specimens of children may remain PCR-positive for a longer time than those of adults.

Chang (Am J Respir Crit Care Med 2020, see below) determined the time kinetics of viral clearance in reference to the
resolution of symptoms in 16 patients treated in Beijing, China, and showed that half of the patients with COVID-19
were viral positive even after resolution of their symptoms.

A study by To (Lancet inf Dis 2020, see below) in 23 patients with COVID-19 showed a median viral load in posterior
oropharyngeal saliva or other respiratory specimens at presentation of 5:2 log10 copies per mL (IQR 4-1-7-0). Salivary
viral load was highest during the first week after symptom onset and subsequently declined with time (slope -0-15,
95% Cl -0-19 to -0-11; R2=0:-71). In one patient, viral RNA was detected 25 days after symptom onset.

Wolfel (Nature 2020, see below) provided a detailed virological analysis of nine COVID-19 cases. Pharyngeal virus
shedding was very high during the first week of symptoms (peak at 7.11 x 102 RNA copies per throat swab, day 4).
Infectious virus was readily isolated from throat- and lung-derived samples, but not from stool samples, in spite of
high virus RNA concentration. Blood and urine never yielded virus. Active replication in the throat was confirmed by
viral replicative RNA intermediates in throat samples. Sequence-distinct virus populations were consistently detected
in throat and lung samples from the same patient, proving independent replication. Shedding of viral RNA from sputum
outlasted the end of symptoms. Of note, seroconversion occurred after 7 days in 50% of these patients (14 days in all),
but was not followed by a rapid decline in viral load.

Yuan (Inflamm Res 2020, see below) presented a kinetic view of viral load, cell count and biochemical parameters in
patients with mild/moderate and severe disease. The authors also observed that COVID-19 mRNA clearance ratio was
significantly correlated with the decline of serum creatine kinase (CK) and lactate dehydrogenase (LDH) levels, which
may then predict a favourable response to treatment.

Cell counts

A manuscript by Liu based on the monitoring of 61 patients suggests the neutrophil/lymphocyte ratio as a predictive
marker of severe illness. This biomarker proved superior to the MuLBSTA score that had been suggested before for
COVID-19 patients monitoring. https://www.medrxiv.org/content/10.1101/2020.02.10.20021584v1 full.pdf. A
subsequent report from data in 40 patients confirmed this conclusion
(https://www.medrxiv.org/content/10.1101/2020.02.16.20023671v1).

Chen (J Clin Invest 2020, see below) reported significantly lower lymphocyte counts in severe cases (0.7 x 109 125 /L)
than moderate cases (1.1 x 109/L). Absolute number of T lymphocytes, CD4+T and CD8+T cells decreased in nearly all
the patients, and were markedly lower in severe cases (294.0, 177.5 and 89.0 x 10%/L) than moderate cases (640.5,
381.5 and 254.0 x 10%/L). The expressions of IFN-y by CD4+T cells tended to be lower in severe cases (14.1%) than
moderate cases (22.8%).

A study by Zheng (manuscript on MedRxiv: https://www.medrxiv.org/content/10.1101/2020.02.19.20024885v1)
investigated differences in laboratory parameters between 103 COVID-19 and 22 non-COVID-19 pneumonia cases. The
lymphocyte subsets counts were found to exhibit a significant negative correlation with biochemical indices relating
to organ injury in the COVID-19 infected patients.

Similarly, Zeng (manuscript on MedRxiv: https://www.medrxiv.org/content/10.1101/2020.03.08.20031229v1.full.pdf)
described a phenomenon of lymphocyte depletion (PLD) observed in 100% severe or critical cases (ICU). As the disease

progressed and clinical status deteriorated, levels of lymphocytes were found progressively decreased before death.
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A study by Tan (Signal Transduct Target Ther 2020, see below) confirmed the observation of lymphopenia.
Lymphocyte counts in severe patients were found to decrease initially and then increase to higher than 10% until
discharge. In contrast, the lymphocyte count of moderate patients fluctuated very little after disease onset and was
higher than 20% upon discharge. These results suggest that lymphopenia is a predictor of prognosis in COVID-19
patients.

Based on the observation that eosinopenia is frequently observed in COVID-19 patients (79% in SARS-CoV-2 positive
patients Vs. 36% in SARS-CoV-2 negative patients, Li (on MedRxiv:
https://www.medrxiv.org/content/10.1101/2020.02.13.20022830v1) suggested an alternative, simple, approach to
facilitate triage of patients. The approach led to a diagnosis sensitivity and specificity of 79% and 64%, respectively.
Zhang (Allergy 2020, see below) also reported eosinopenia in most patients, but the frequency of the observation

(52.9%) does not support the diagnostic value of this marker.

Qin (Clin Inf Dis 2020, see below) described 452 patients who underwent laboratory examinations on admission.
Similar to previous reports, the authors reported that severe cases tend to have lower lymphocytes counts, higher
leukocytes counts and neutrophil-lymphocyte-ratio (NLR), as well as lower percentages of monocytes, eosinophils,
and basophils. Most of severe cases demonstrated elevated levels of infection-related biomarkers and inflammatory
cytokines. Lymphocyte subsets were analyzed in 44 patients with COVID-19 on admission. The total number of B cells,
T cells and NK cells were significantly decreased in patients with COVID-19, and particularly in severe cases. The
percentage of naive helper T cells (CD3+CD4+CD45RA+) increased and memory helper T cells (CD3+CD4+CD45R0+)
were found decreased in severe cases.

Chong (BrJ Haematol 2020, see below) found reactive lymphocytes in 23/32 confirmed COVID-19 cases (72%) (Figure
7). This is in stark contrast to the 2003 SARS where reactive lymphocytes of this type were not present in a review of
185 cases in Singapore and were present in only 15.2% of 138 cases in Hong Kong.

Similarly, Foldes (Am J Hematol 2020, see below) reported atypical lymphocytes that appeared reactive in a patient.
Prominent among these were lymphoplasmacytoid lymphocytes with an eccentric nucleus, deeply basophilic
cytoplasm and a prominent paranuclear hof.

Figure 7 Reactive lymphocyte in a COVID-19 patient (from Chong Br J Haematol 2020)
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Biochemistry

Elevated C-reactive protein (CRP) is an important feature of COVID-19 (Zhang Lancet Resp Med 2020, see below). A
study in 12 patients (Liu Sci China Life Sci 2020, see below) found blood biochemistry indexes, albumin (ALB), CRP,
lactate dehydrogenase (LDH), may be predictors of disease severity. Similarly, Liu (Chin Med J 2020, see below)
found CRP to be significantly elevated in a progression group compared to another group of patients with
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improvement/stabilization (38.9 [14.3, 64.8] vs. 10.6 [1.9, 33.1] mg/L, U = 1.315, P = 0.024). Albumin was
significantly lower in the progression group than in the improvement/stabilization group (36.62 + 6.60 vs. 41.27 +
4.55g/L,U=2.843, P =0.006).

In a cohort of 132 COVID-19 patients, Li (J Infect 2020, see below) observed significantly increased serum amyloid A
(SAA) and CRP levels. As disease progressed from mild to critically severe, SAA and CRP gradually increased, while
lymphocyte counts decreased; a ROC curve analysis suggested that SAA/lymphocyte counts, CRP, SAA, and lymphocyte
counts are valuable in evaluating the severity of COVID-19 and distinguishing critically ill patients from mild ones;
patients with SAA consistently trending down during the course of disease had better prognosis, compared with
patients with SAA continuously rising. Patient with higher initial SAA level were also more likely to have poor CT
imaging.

A manuscript by Fan (on MedRxiv: https://www.medrxiv.org/content/10.1101/2020.02.26.20026971v1.full.pdf)
describes a cohort of 148 patients, of which (50.7%) showed abnormal liver function at admission, characterized by
increased ALT, AST, GGT, AKP.

Alanine aminotransferase, LDH levels, high-sensitivity CRP and ferritin were significantly higher in severe cases (41.4
U/L, 567.2 U/L, 135.2 mg/L and 1734.4 ug/L) than moderate cases (17.6 U/L, 234.4 U/L, 51.4 mg/L and 880.2 ug /L)
(Chen (on MedRxiv https://www.medrxiv.org/content/10.1101/2020.02.16.20023903v1). IL-2R, TNF-a and IL-10
concentrations on admission were significantly higher in severe cases (1202.4 pg/mL, 10.9 pg/mL and 10.9 pg/mL)
than moderate cases (441.7 pg/mL, 7.5 pg/mL and 6.6 pg/mL).

Moreover, the angiotensin Il level in the plasma sample from COVID-19 patients has been found markedly elevated
and linearly associated to viral load and lung injury (Liu Sci China Life Sci 2020, see below).

A metaanalysis by Lippi (Clin Chim Acta 2020, see below) showed that increased procalcitonin values are associated
with a nearly 5-fold higher risk of severe SARS-CoV-2 infection (OR, 4.76; 95% Cl, 2.74-8.29). The heterogeneity
among the different studies was found to be modest (i.e., 34%). As the synthesis of this biomarker is inhibited by INF-
¥, whose concentration is expected to increase during viral infections, the authors speculate that increased
procalcitonin could reflect bacterial superinfection in severe disease cases. However, more investigations are still
needed to identify the origin of the biomarker.

Another metaanalysis by Lippi (Prog Cardiovasc Dis 2020, see below) assessed cardiac troponin | (cTnl) in patients with
COVID-19. Although the heterogeneity was considerably high, the values of c¢Tnl were found to be significantly
increased in patients with severe disease than in those without (SMD, 25.6 ng/L; 95% Cl, 6.8—-44.5 ng/L).

A metaanalysis by Henry (Clin Chem Lab Med. 2020, see below) identified IL-6, IL-10 and serum ferritin as strong
discriminators for severe disease.

Aziz (J Med Virol 2020, see below) evaluated IL6 as a marker of severe disease. A total of 9 studies were included in
the systematic review and meta-analysis. Patients with severe COVID-19 had significantly higher serum IL-6 levels
compared to non-severe patients (mean difference (MD): 38.6 pg/mL, 95% Cl: 24.3 - 52.9 pg/mL, p <0.001, 12 = 98.5%).
On meta-regression, increasing mean IL-6 level was associated with increased mortality in patients (Coefficient (Q):
0.01, 95% Cl: 0.01-0.03, p = 0.03).

A nice review by Terpos (Am J Hematol 2020, see below) provided a clear picture of the laboratory findings associated
with COVID-19. Evidence was presented to support that various parameters have potential as predictive parameters
for severity: lymphopenia, thrombocytopenia and neutrophilia (raised neutrophils) not only predict ARDS, but also
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cardiovascular complications. Raised procalcitonin, ferritin, LDH, IL-6 and CRP and the coagulation disorders (D-dimer,
increased fibrin degradation, PTT and aPT) were also highlighted.

Coagulation parameters

Tang () Thromb Haemost 2020, see below) described the coagulation data of 183 consecutive patients with confirmed
COVID-19 pneumonia. The non-survivors revealed significantly higher D-dimer and fibrin degradation product (FDP)
levels, longer prothrombin time and activated partial thromboplastin time compared to survivors on admission
(P<0.05). 71.4% of non-survivors and 0.6% survivors met the criteria of disseminated intravascular coagulation during
their hospital stay.

Zhou (Lancet 2020, https://www.thelancet.com/journals/lancet/article/P11S0140-6736(20)30566-3/fulltext) found
increasing odds of in-hospital death associated with D-dimer levels greater than 1-0 pg/L (18:42, 2-64—128-55;
p=0-0033) on admission. Gao ()] Med Vir 2020: https://onlinelibrary.wiley.com/doi/abs/10.1002/jmv.25770) found
that IL-6 and D-Dimer were closely related to the occurrence of severe COVID-19 in adult patients, and their combined

detection had the highest specificity and sensitivity for early prediction of the severity of disease. In this study in 43
patients, the specificity of predicting the severity of COVID-19 during IL-6 and D-Dimer tandem testing was up to 93.3%,
while the sensitivity of such testing reached 96.4%.

A metaanalysis by Lippi (Clin Chim Acta 2020, see below) included 1779 COVID-19 patients, of whom 399 (22.4%) had
severe disease. The pooled analysis revealed that platelet count was significantly lower in patients with more severe
COVID-19 (WMD -31x10°/L; 95% Cl, from -35 to -29x10%/L). A subgroup analysis comparing patients by survival, found
an even lower platelet count observed with mortality (WMD, -48x10°/L; 95% Cl, -57 to -39x10°%/L. In the four studies
which reported data on rate of thrombocytopenia (n=1427), a low platelet count was associated with over five-fold
enhanced risk of severe COVID-19 (OR, 5.1; 95% Cl, 1.8-14.6).

Time from illness onset to death
In an analysis of published data, Linton (J Clin Med 2020, see below) found a median time delay of 13 days fromillness
onset to death (17 days with right truncation).

Case fatality rate

Case fatality rate in China

Early data from China yielded an estimated mortality of the COVID-19 of approximately 2.84%, based on 1 975
infections and 56 deaths reported in 26 days since the first official announcement of the epidemic (Wang J Med Virol
2020, see below). Data available by July 15 15:00 CET now point towards a higher value (85 677 confirmed cases and
4649 deaths in China, corresponding to 5.43% (WHO dashboard at https://covid19.who.int/).

Obviously, this type of estimate has to be taken with a lot of caution. As indicated by Kobayashi (J Clin Med 2020, see
below), the observed dataset of reported cases represents only a proportion of all infected individuals and there can
be a substantial number of asymptomatic and mildly infected individuals who are never diagnosed. Several authors
suggested that the number of reported cases of the disease, in China as well as in other countries, is likely to be
underestimated (see for instance De Salazar on MedRxiv:
https://www.medrxiv.org/content/10.1101/2020.02.13.20022707v1). Battegay (Swiss Med Wkly 2020, see below),
like Kobayashi (J Clin Med 2020, see below ), or Baud (Lancet Inf Dis 2020, see below) also pointed to the fact that
diagnosis of COVID-19 infection will precede recovery or death by days to weeks and that the number of deaths should

therefore be compared to the past case counts. Lack of a standardized case definition also affects estimates of case
fatality rates (see Case definition below).
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Other authors, like Spychalski (Lancet Infect Dis 2020, see below) showed that the case fatality rate calculated per
total cases seems to remain the best tool to express the fatality of the disease, even though it might underestimate
this figure in the initial phase of an outbreak.

Ji, Ma et al. (Lancet 2020, see below) highlighted the difference in mortality rates between Hubei and other Chinese
provinces. The authors postulated that this difference is likely to be related to the rapid escalation in the number of
infections around the epicentre of the outbreak, which has resulted in an insufficiency of health-care resources,
thereby negatively affecting patient outcomes in Hubei, while this has not yet been the situation for the other parts
of China.

A similar observation was made by Mizumoto (Em Inf Dis 2020, see below), who estimated the time-delay adjusted
risk for death from COVID-19 as of February 28, 2020 in China. The estimates of the risk for death in Wuhan reached
values as high as 12% in the epicenter of the epidemic and =1% in other, more mildly affected areas. Comparable
results were obtained by Wilson (Em Inf Dis 2020, see below), who reported case-fatality risks, when adjusted for a
13-day lag time from reporting to death, of 3.5% in China and 0.8% in China, excluding Hubei Province.

Nevertheless, according to the large retrospective study reported by the Novel Coronavirus Pneumonia Emergency
Response Epidemiology Team (Zhonghua Liu Xing Bing Xue Za Zhi 2020, see below; and Wu JAMA 2020, see below),
based on the 72 314 reports received through February 11 2020 by the Chinese Centre for Disease Control and
Prevention in mainland China, 1023 deaths were observed out of a total of 44 672 confirmed cases, corresponding to
a case-fatality rate of 2.3%. This analysis also showed that the case-fatality rate is largely influenced by the age of the
patients (Table 5).

Of note, the WHO-China Joint Mission on Coronavirus Disease 2019 Mortality, which presented data on 2114 COVID-
19 related deaths among 55 924 laboratory-confirmed cases in China, also reported the highest mortality among
people over 80 years of age, with a case fatality rate of 21.9% (https://www.who.int/docs/default-

source/coronaviruse/who-china-joint-mission-on-covid-19-final-report.pdf).

Table 5 Patients, deaths, and case fatality rates, as well as observed time and mortality for n=44,672 confirmed COVID-19 cases in Mainland
China as of February 11, 2020 (from The Novel Coronavirus Pneumonia Emergency Response Epidemiology Team Zhonghua Liu Xing Bing
Xue Za Zhi 2020).

Confirmed Cases, Deaths, Case Fatality

Baseline Characteristics N (%) N (%) Rate, %
Overall 44 672 1,023 2.3
Age, years

0-9 416 (0.9) - -

10-19 549 (1.2) 1(0.1) 0.2
20-29 3,619 (8.1) 7(0.7) 0.2
30-39 7.600 (17.0) 8(1.8) 0.2
40-49 8,571 (19.2) 8 (3.7) 04
50-59 10,008 (22.4) 130 (12.7) 1.3
50-69 8,583 (19.2) 309 (30.2) 36
70-79 3,918 (8.8) 312 (30.5) 8.0
>80 1,408 (3.2) 208 (20.3) 14.8

A study by Wu (Nat Med 2020: https://www.nature.com/articles/s41591-020-0822-7) provided somewhat lower
estimates of the case fatality rate in Wuhan, of 0.3% (0.1-0.7%), 0.5% (0.3—0.8%) and 2.6% (1.7—-3.9%) for those aged
<30 years, 30-59 years and >59 years, respectively.
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Using a different approach, and based on early data, Wu (Eurosurv 2020, see below) also estimated the risk of fatality
among hospitalised cases at 14% (95% confidence interval: 3.9-32%). This estimate of the hospital fatality risk
remained fairly stable over the 10-day period since the first death was announced on 11 January. Subsequently, Leung
(Rev Med Vir 2020, see below) calculated that as of 2 February 2020, over 17 000 cases were confirmed in China, with
a hospital fatality rate of 2.1%; in Hubei province, the hospital fatality rate reached 3.1%, significantly above the rest
of China (Figure 8).

Figure 8 Trends of hospital fatality rates in Hubei province and the rest of China with 95% Cl (from Leung Rev Med Vir 2020)
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Case fatality rate outside China
Based on data up to Feb 8™, Verity found estimates of case fatality ratio from international cases stratified by age to

be consistent with those from China (Lancet Inf Dis 2020, see below).

Wilson (on MedRxiv: https://www.medrxiv.org/content/10.1101/2020.02.15.20023499v1) considered symptomatic
cases outside of China (countries/settings with 20+ cases) and the proportion who are in intensive care units (4.0%,
14/349 on 13 February 2020). Given what is known about case fatality rates for intensive care unit patients with severe
respiratory conditions from a meta-analysis, he estimated a case fatality rate of 1.37% (95%Cl: 0.57% to 3.22%) for
COVID-19 cases outside of China.

Using data as of as of March 5 2020, Wilson (Em Inf Dis 2020, see below) also reported a case fatality estimate in 82
countries, territories, and areas reaching 4.2%.

Rajgor (Lancet Inf Dis 2020, see below) acknowledged the level of variability of COVID-19 case fatality rate estimates,
and noted that a unique situation has arisen for estimating the case fatality rate with the outbreak onboard the
Diamond Princess cruise ship. This scenario provided a population living in a defined territory without most other
confounders, such as imported cases, defaulters of screening, or lack of testing capability. 3711 passengers and crew
were onboard, of whom 705 became sick and tested positive for COVID-19 and seven died, giving a case fatality rate
of 0.99%. If the passengers onboard were generally of an older age, the case fatality rate in a healthy, younger

population could be lower.

The systematic review of COVID-19 epidemiology by Park (J Clin Med 2020, see below), which included 41 studies,
indicated that current model-based estimates ranged from 0.3% to 1.4% for outside China.

In June, another systematic review and meta-analysis by Grant (PLoS One 2020, see below) found a hospital fatality
rate of 7% (73 studies, 10,402 patients).
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Italy

Based on the first 888 cases confirmed in Italy, Porcheddu (J Infect Dev Ctries 2020, see below) noted that the case
fatality rate in China and Italy were identical at 2.3%. Livingston (JAMA 2020, see below) provided a case fatality rate
per age group in Italy. It was found to increase with age, up to 22.7% in subjects 90 years of age and older. A
subsequent report by Onder (JAMA 2020, see below) mentioned an overall fatality rate of persons with confirmed
COVID-19 of 7.2% (calculated as number of deaths/number of cases), and a case fatality rate of 20.2% in subjects >80
years of age.

Onder (JAMA 2020, see below) mentioned an overall fatality rate of persons with confirmed COVID-19 of 7.2%
(calculated as number of deaths/number of cases), and a case fatality rate of 20.2% in subjects >80 years of age in
Italy. Deaths were said to be mainly observed among older, male patients with multiple comorbidities. However, the
data presented by Onder remained limited, and derived from the first month of documented COVID-19 cases in Italy.

Subsequently, Barone-Adesi (Disaster Med Public Health Prep 2020, see below) commented on the higher case-fatality
rate observed in Italy compared to China, and suggested that the Italian testing strategy could explain an important
part of the observed difference. The majority of patients that are currently tested in Italy have severe clinical symptoms
that usually require hospitalization. Indeed, the proportion of positive cases that are admitted to the hospital in Italy
is about 40% (and used to be much higher in previous weeks), while it was about 10-20% in China. As the positive cases
resulting from this testing strategy are so skewed towards more serious conditions, it is not surprising that a higher
case fatality rate is observed.

Another study rejected the possibility that social habits and intergenerational contacts contribute to explain the
number of deaths observed in Italy (Giangreco J Trav Med 2020, see below)

US.A.

Preliminary reports from 4226 patients with COVID-19 in the United States indicated that fatality was highest in
persons aged 285, ranging from 10% to 27%, followed by 3% to 11% among persons aged 65—-84 years, 1% to 3%
among persons aged 55-64 years, <1% among persons aged 20-54 years, and no fatalities among persons aged <19
years (CDC COVID-19 Response Team MMWR Morb Mortal Wkly Rep 2020, see below).

McMichael (NEJM 2020, see below) described an outbreak linked to a long-term care facility in the U.S. (Washington
state). Case-fatality rate among residents (median age 83 years, ranging from 51 to 100) reached 35%.

Special populations

Elderly
In the study reported by Chen (Lancet 2020, see below), COVID-19 was found more likely to affect older males with
comorbidities. The impact of age as well as gender and comorbidities is described in the section.

Haemodialysis patients

A manuscript by Ma depicted 37 cases of disease in a cohort of 230 haemodialysis patients in Wuhan
(https://www.medrxiv.org/content/10.1101/2020.02.24.20027201v2.full.pdf). Despite the death of 6 patients with
COVID-19 vs. 1 without COVID-19 during the study, the symptoms reported for most of the patients were mild, and

there were no cases admitted to ICU.

Cancer patients
Data are available to show that cancer patients seem to be at increased risk of COVID-19 and increased risk of severe
events (see section Cancer below).
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Immunocompromised patients

Minotti (J Inf 2020, see below) identified 16 publications with 110 immunosuppressed patients, mostly presenting
cancer, along with transplantation and immunodeficiency. Cancer was more often associated with a more severe
course, but not necessarily with a bad prognosis. The data showed that both children and adults with
immunosuppression seemed to have a favourable disease course, as compared to the general population. The authors
indicated that this observation might be explained by a hypothetical protective role of a weaker immune response,
determining a milder disease presentation and thus underdiagnosis. Nevertheless, surveillance on this special
population remains to be encouraged.

Primary Antibody Deficiencies patients

Quinti (J Allergy Clin Immunol 2020, see below) identified seven Primary Antibody Deficiencies (PAD) patients with
COVID-19 infection: five affected with Common Variable Immune Deficiencies (CVIDs) and two affected with
Agammaglobulinemia, one with X-linked Agammaglobulinemia (XLA) and one with Autosomal Recessive
Agammaglobulinemia (ARA). All PAD patients have defective antibody production. Patients with Agammaglobulinemia
lack B lymphocytes whereas patients with Common Variable Immune Deficiency have dysfunctional B lymphocytes. In
patients affected with agammaglobulinemias, the COVID-19 course was characterized by mild symptoms, short
duration, with no need of treatment with the immune-modulating drug blocking IL-6, and had a favourable outcome.
In contrast, patients affected with Common Variable Immune Deficiencies presented with a severe form of the disease
requiring multiple drug treatment, including antiretrovirals agents and IL-6 blocking drugs, and mechanical ventilation.
The strikingly different clinical course of COVID-19 in patients with agammaglobulinemia compared to CVIDs cannot
be explained by the level of serum immunoglobulins which were similarly low in all PAD patients at diagnosis.

Children

Paediatric data from China

The first confirmed paediatric case of SARS-CoV-2 infection is said to have been reported in Shenzhen on January 20
(Cao J Formos Med Assoc 2020, see below). By January 30, there were 28 children (1 month to 17 years) with confirmed
infection in China (Shen World J Pediatr 2020, see below). The clinical features appeared variable. Several patients
displayed no obvious clinical symptoms at diagnosis, and they were found by screening because of close contacts with
confirmed patients; and further chest imaging suggested pneumonia. Several gradually presented with fever, fatigue,
dry cough, accompanied by other upper respiratory symptoms including nasal congestion, runny nose, and seldom
gastrointestinal symptoms such as nausea, vomiting and diarrhoea. Laboratory examination in paediatric patients
showed that blood routine was often normal, and C-reactive protein was normal or transiently elevated. Lung imaging
examination revealed mild increase of lung markings or ground-glass opacity or pneumonia. Most paediatric patients
had mild symptoms, without fever or pneumonia. They had good prognosis and recovered within 1-2 weeks after
disease onset. Only a few patients had lower respiratory tract infections. No severe cases or deaths have been reported
in the paediatric population up to now.

With the progression of the outbreak, the first infant case was reported from Xiaogan, Hubei province. This was a 3-
month-old female infant who had fever for one day and as discharged uneventfully 2 weeks later (Cao J Formos Med
Assoc 2020, see below). A subsequent retrospective study described 9 cases in children (7 females/2 males) aged 1 to
11 months (Wei JAMA 2020, see below). Four patients were reported to have fever, 2 had mild upper respiratory tract
symptoms, 1 had no symptoms but tested positive for COVID-19 in a designated screening because of exposure to
infected family members, and 2 had no information on symptoms available. None of the 9 infants required intensive
care or mechanical ventilation or had any severe complications.
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Liu (NEJM 2020, see below) retrospectively reported 6 paediatric cases treated in Wuhan hospitals in January 2020.
One of the 6 children was admitted to the paediatric intensive care unit. All the patients recovered after hospitalization
for a median of 7.5 days (range, 5 to 13).

Xia (Pedriatr Pulmonol 2020, see below) presented the clinical, laboratory, and chest CT features of 20 paediatric
inpatients with COVID-19 in Wuhan. Fever (12/20, 60%) and cough (13/20, 65%) were the most common symptoms.
Procalcitonin elevation was found frequently (16/20, 80%).

A case in a 55 day-old infant was reported in detail by Cui (J Infect Dis 2020, see below). The patient initially presented
with mild dry cough and no fevers. However, symptoms became gradually worse from day 7 to day 11 of iliness, and
symptomatic support was strengthened. This case highlighted that infants with COVID-19 can also present with
multiple organ damage and rapid disease changes.

The retrospective Chinese study involving COVID-19 cases reported through February 11, 2020, and corresponding to
44672 confirmed cases, 549 cases were identified in the 10-19 years age group (1%) and 416 cases among children
less than 10 years (1%) (Wu JAMA 2020, see below).

Lu (NEJM 2020, see below) tested 1391 children from January 28 through February 26, 2020 in Wuhan, of whom a
total of 171 (12.3%) were confirmed to have SARS-CoV-2 infection. The median age of the infected children was 6.7
years. Fever was detected in 41.5%. Other common signs and symptoms included cough and pharyngeal erythema. A
total of 27 patients (15.8%) did not have any symptoms of infection or radiologic features of pneumonia. A total of 12
patients had radiologic features of pneumonia but did not have any symptoms of infection. During the course of
hospitalization, 3 patients required intensive care support and invasive mechanical ventilation; all had coexisting
conditions (hydronephrosis, leukemia, and intussusception). Lymphopenia was present in 6 patients (3.5%). The most
common radiologic finding was bilateral ground-glass opacity (32.7%). As of March 8, 2020, there was one death: a
10-month-old child with intussusception had multiorgan failure and died 4 weeks after admission.

Another large paediatric cohort in China was reported by Dong (Pediatrics 2020, see below). There were 731 (34.1%)
laboratory-confirmed cases and 1412 (65.9%) suspected cases. The median age of all patients was 7 years
(interquartile range: 2-13). Over 90% of all patients were asymptomatic, mild, or moderate cases.

From a systematic review of COVID-19 in children, Ludvigsson (Acta Paediatr 2020, see below) identified 45 relevant
scientific papers and letters describing mostly paediatric cases from China. The data showed that children have so far
accounted for 1-5% of diagnosed COVID-19 cases, that they often have milder disease than adults and deaths have
been extremely rare. Diagnostic findings have been similar to adults, with fever and respiratory symptoms being
prevalent, but fewer children seem to have developed severe pneumonia. Elevated inflammatory markers were less
common in children and lymphocytopenia seemed rare.

Paediatric data from other countries
In Singapore, there were 3 confirmed cases reported, who were very young (aged 6 months, 1 year, and 2 years) and
had very mild symptoms (Wong JAMA 2020, see below).

Park (J Korean Med Sci 2020, see below) reported the first paediatric case of COVID-19 in Korea, a 10-year-old girl who
presented mild clinical course of her pneumonia that did not require antiviral treatment.

Shekerdemian (JAMA Ped 2020, see below) presented the outcome of a cross-sectional study that included children
positive for COVID-19 admitted to 46 North American PICUs between March 14 and April 3, 2020. with follow-up to
April 10, 2020. Of the 48 children with COVID-19 admitted to participating PICUs, 25 (52%) were male, and the median
(range) age was 13 (4.2-16.6) years. Forty patients (83%) had significant preexisting comorbidities; 35 (73%) presented
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with respiratory symptoms and 18 (38%) required invasive ventilation. Eleven patients (23%) had failure of 2 or more
organ systems. Extracorporeal membrane oxygenation was required for 1 patient (2%). Targeted therapies were used
in 28 patients (61%), with hydroxychloroquine being the most commonly used agent either alone (11 patients) or in
combination (10 patients). At the completion of the follow-up period, 2 patients (4%) had died and 15 (31%) were still
hospitalized, with 3 still requiring ventilatory support and 1 receiving extracorporeal membrane oxygenation.

Mahase (BMJ April 28 2020, see below) reported that doctors in the UK have been warned over a rising number of
children presenting with a multisystem inflammatory state. The cases have in common “overlapping features of toxic
shock syndrome and atypical Kawasaki disease with blood parameters consistent with severe covid-19 in children.
Similar reports are circulating in French media (see for instance https://www.connexionfrance.com/French-

news/France-warns-of-child-illness-similar-to-Kawasaki-disease-that-may-be-Covid-19-linked). A cluster of eight

children with hyperinflammatory shock, showing features similar to atypical Kawasaki disease, Kawasaki disease shock
syndrome, or toxic shock syndrome (typical number is one or two children per week) has been described by Riphagen
(Lancet 2020, see below). All children were previously fit and well. Six of the children were of Afro-Caribbean descent,
and five of the children were boys. All children except one were well above the 75th centile for weight. All children
progressed to warm, vasoplegic shock, refractory to volume resuscitation and eventually requiring noradrenaline and
milrinone for haemodynamic support. Most of the children had no significant respiratory involvement, although seven
of the children required mechanical ventilation for cardiovascular stabilisation. Other notable features (besides
persistent fever and rash) included development of small pleural, pericardial, and ascitic effusions, suggestive of a
diffuse inflammatory process. One child developed arrhythmia with refractory shock, requiring extracorporeal life
support, and died from a large cerebrovascular infarct.

Andina (Pediatr Dermatol. 2020, see below) presented a series of 22 cases of chilblains in children and adolescents in
the setting of COVID-19 seen in a very short period of time in the Emergency Department of a children’s hospital in
Madrid.

Systematic reviews and meta-analyses

A systematic review by Castagnoli (JAMA Pediatr 2020, see below) identified seventeen studies conducted in China
and one in Singapore, including a total of 1065 paediatric cases of SARS-CoV-2 infection. Data from this review showed
that most children and adolescents who were infected by SARS-CoV-2 (i.e., tested positive by nasopharyngeal swab)
presented with mild symptoms. Frequent clinical manifestations included fever, dry cough, and fatigue accompanied
by other upper respiratory symptoms, such as nasal congestion and runny nose. Moreover, the main gastrointestinal
symptoms were nausea, vomiting, and diarrhoea, which were reported in a few cases, particularly in a newborn and
infants. In this analysis, only one paediatric case presented with severe lower respiratory tract infection (COVID-19
pneumonia), complicated by shock and kidney failure, and fortunately, it was successfully treated with intensive care.

The review by Hasan (Cureus 2020, see below) provided a summary of laboratory and clinical imaging data in children.

Risk of infection in children

While the disease seems to have a milder course in children than adults, a manuscript by Qifang Bi on MedRxiv
(https://www.medrxiv.org/content/10.1101/2020.03.03.20028423v1) suggested that children are at a similar risk of
infection as the general population. This conclusion was driven from 391 cases and 1286 close contacts identified by

the Shenzhen CDC. However, other lines of evidence pointed to a different attack rate of the disease in children
compared to adults. In Iceland, Gudbjartsson (NEJM 2020, see below), carried out both targeted testing of persons at
high risk for infection and population screening by RT-PCR. Children under 10 years of age were less likely to be found
positive than were persons 10 years of age or older (6.7% vs. 13.7% for targeted testing; 0% vs. 0.8% in the population
screening). In China, a household cohort study found a secondary attack rate in children of 4% comparing with 17.1%
in adults (Li, Zhang et al. Clin Inf Dis 2020, see below).
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Pregnancy and newborns

In general, pregnancy is a physiological state in which women are more susceptible to respiratory pathogens and
severe pneumonia, due to an immunosuppressive state and various physiological adaptive changes (e.g., diaphragm
elevation, increased oxygen consumption, and oedema of respiratory tract mucosa). It is therefore reasonable to
predict that pregnant women might be at greater risk for severe illness. Previous epidemics of other strains of CoV,
such as SARS-CoV and MERS-CoV, have typically resulted in severe complications during pregnancy such as maternal
morbidity and mortality, perinatal infections and death (Wong Am J Obstet Gynecol 2004, see below; and Alfaraj J
Microbiol Immunol Infect 2019, see below). Analysis of the literature up till now reveals that, unlike CoV infections of
pregnant women caused by SARS and MERS, pregnant women are not more susceptible to COVID-19, nor are they at
risk of more severe disease than the non-pregnant population. Until recently, there was no evidence of vertical
transmission of COVID-19 from the mother to the foetus. However, emerging evidence now suggests that vertical
transmission may be possible.

Available clinical data on COVID-19 infection in pregnancy are limited at present, and most cases on which data are
available presented in the third trimester of pregnancy. There is, therefore, a need to continue collecting data on
clinical cases of COVID-19 infection in pregnancy, and to improve our understanding of the course of the disease
throughout pregnancy.

Clinical characteristics of the pregnant woman with COVID-19 infection

Multiple studies have observed the clinical characteristics of COVID-19 pneumonia in pregnant women. Most data
stem from case reports and small case series®. A higher level of evidence has been obtained from recent publications
(Li Clin Inf Dis 2020, see below; Zaigham Acta Obstet Gynecol Scand 2020, see below; Qiancheng Int J Infect Dis 2020,
see below; Yang J Matern Fetal Neonatal Med 2020, see below). The clinical characteristics of COVID-19 pneumonia
in pregnant women seem to be similar to those reported for non-pregnant adults with COVID-19 pneumonia. Briefly,
the most commonly reported symptoms are fever and cough, followed by fatigue, diarrhoea, dyspnoea, sore throat,
and myalgia (Yang J Matern Fetal Neonatal Med 2020, see below).

Various centres are now screening patients for COVID-19, even in the absence of symptoms. More reports on
asymptomatic COVID-19 infected pregnant women are now emerging. Chen, Liao et al. (J Med Virol 2020, see below)
reported that COVID-19 could asymptomatically occur during gestation, but get diagnosed after delivery. Another
study by Sutton (NEJM 2020, see below) described 33 pregnant women who tested positive for COVID-19, of whom
29 (87,9%) showed no symptoms of the disease. The authors recommended universal testing for all pregnant women
admitted to the labour unit.

Perinatal complications

Pregnancy may not increase susceptibility to COVID-19 infection or influence the severity of the disease, but COVID-
19 infection does seem to influence the pregnancy. Severe pneumonia during pregnancy (regardless of the causative
agent) increases the risk of preterm delivery, foetal growth restriction, low birth weight and low Apgar score at birth.

Regarding perinatal outcomes, most authors do not report adverse events (Chen Guo Lancet 2020, see below; Zhang
Zhonghua Fu Chan Ke Za Zhi 2020, see below; Wang Clin Inf Dis 2020, see below; Yu Lancet Inf Dis 2020, see below;
Liu AJR Am J Roentgenol 2020, see below; Yan Am J Obstet Gynecol 2020, see below). However, a meta-analysis on
pregnancy outcome in COVID-19 patients found preterm birth to be the most common adverse pregnancy outcome
(Di Mascio Am J Obst & Gynecol MFM 2020, see below). Li (Clin Inf Dis 2020, see below) found a higher incidence rate
of premature delivery in confirmed cases (18,8%) compared to two control groups (5%), but none was due to severe
maternal respiratory failure. Zhu (Transl Ped 2020, see below) presented the clinical features and outcomes of ten

3 See for instance Chen Guo Lancet 2020; Liu, Chen J Inf 2020; Chen Huang Zhonghua Bing Li Xue Za Zhi 2020; Fan Clin Inf Dis
2020; Yu Lancet Inf Dis 2020
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neonates, born to mothers with confirmed SARS-CoV-2 infection. One newborn died from multiple organ failure and
disseminated intravascular coagulation (DIC). Regarding maternal conditions, COVID-19 infection in pregnancy
seemed to be less severe than other coronavirus infections. Only a few pregnant women afflicted with severe
respiratory morbidity had been reported to be related to COVID-19 disease. Nevertheless, novel reports describe more
severe cases (Hong Case Rep Womens Health 2020, see below). Two studies reported a total of three cases of maternal
ICU admission (Breslin Am J Obst & Gynecol MFM 2020:
https://www.sciencedirect.com/science/article/pii/S2589933320300410; Alzamora Am J Perinatol 2020; see below).
All mothers had obesity class Il or more and type 2 diabetes mellitus. A recent multicenter study reported nine

pregnant women with severe COVID-19 infection (Hantoushzadeh Am J Obstet Gynecol 2020, see below). At the time
of reporting 7 of 9 died, 1 of 9 remained critically ill and ventilator-dependent, and 1 of 9 recovered after prolonged
hospitalization. Complications of COVID-19, such as cardiomyopathy and thromboembolism, have also been seen in
the pregnant population. Screening of the literature reveals two cases of SARS-CoV-2-related cardiomyopathy in
pregnancy (Juusela Am J Obstet Gynecol MFM 2020, see below) One case of pulmonary embolism in a young pregnant
woman has been reported (Martinelli Thromb Res 2020, see below).

Hence, evidence is building that perinatal COVID-19 infection may have adverse effects on neonate and mother.
Though less serious than SARS-CoV, in which adverse outcomes were reported in 10 out of 12 pregnancies, COVID-19
pregnancy seems not to be without risk. COVID-19 infection has been shown to be associated with a cytokine-storm
(Huang Lancet 2020, see below). Abnormally elevated levels of TNF-a in maternal peripheral blood can be toxic to
early embryo development and have been shown to induce preterm labour in non-human primate models (Yockey
Immunity 2018, see below). Furthermore, maternal inflammation as a result of viral infection during pregnancy can
affect several aspects of foetal brain development and may lead to a wide range of neuronal and behavioural
dysfunctions in postnatal life (Mor Nat Rev Immunol 2017, see below). Therefore, although current observations do
not find detectable COVID-19 infection in the foetus, it is necessary to pay close attention to the potential risks of
maternal viral infection on the foetus.

Vertical transmission

Current evidence suggests that there is no evidence of vertical transmission of COVID-19. Repetitive negative samples
of amniotic fluid, cord blood, neonatal throat swabs, placental tissue, genital fluid and breastmilk samples from COVID-
19 infected mothers are reported in multiple studies (Chen Guo Lancet 2020, see below; Chen Huang Zhonghua Bing
Li Xue Za Zhi 202; Yu Lancet Inf Dis 2020, see below; Wang Guo Clin Inf Dis 2020, see below; Zhu Transl Ped 2020, see
below; Yang Ultrasound Obstet Gynecol 2020, see below; Khan Inf Contr Hosp Epi 2020, see below; Liu Front Med
2020, see below). However, emerging studies are now implying that vertical transmission may occur, although the
proportion of pregnancies affected and the significance to the neonate has yet to be determined.

A cohort study by Zeng (JAMA Pediatr 2020, see below) described 33 neonates born to mothers infected with COVID-
19. Of these 33 neonates, 3 (9%) showed positive nasopharyngeal swabs on day 2 of life. Strict infection control and
prevention measures were implemented during the delivery. Zhang (Eur Respir J 2020, see below) described three
cases of COVID-19 positive neonates delivered through caesarean section and under level Ill protection. No mother-
child contact or breastfeeding had occurred and all newborn babies were at isolation when symptoms occurred.
Alzamora (Am J Perinatol 2020; see below) reported a case of a newborn who tested positive on RT-PCR of
nasopharyngeal swab as soon as 16 hours after delivery. As in the cases mentioned above, there was a low probability
of infection during the caesarean section or postnatally, due to sterility of the procedure and isolation measures
implemented immediately after birth. Taken together, these findings strongly raise the suspicion of in utero
transmission of SARS-CoV-2.

Furthermore, two articles from separate research teams in China presented 3 cases of neonates who may have been
infected with COVID-19 in utero (Zeng JAMA 2020, see below; Dong JAMA 2020, see below). In these three newborns,
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elevated IgM and IgG antibodies were found following birth, while nasopharyngeal swabs tested negative on RT-PCR.
IgG is passively transferred across the placenta from mother to foetus. IgM is too large to cross the placenta; thus, IgM
must have been produced by the infant when the virus crossed the placenta. However, IgM assays can be prone to
false-positive and false-negative results, along with cross-reactivity and testing challenges (Wang J Clin Microb 2020,
see below). Additionally, antibody levels decreased dramatically in the following weeks. Alzamora (Am J Perinatol 2020;
see below) also evaluated neonatal immunoglobulins in a SARS-CoV-2 positive neonate. The authors reported negative
serology in both mother and neonate on the day of birth, with seroconversion of the mother on day 5. In contrast,
neonatal serology remained negative. This could be explained by the immaturity of the adaptive immunity in the
neonatal period. The challenges with false-positive IgM test results, along with a rapid decline in IgM concentration
and the fact that an immature immune system in the neonatal period may not be capable of developing IgMs, raises
the possibility that the laboratory findings in the 3 infants in the first case reports are not evidence of true congenital
infection but rather could represent artifact.

Zeng (Reprod Dev Med 2020: http://www.repdevmed.org/preprintarticle.asp?id=278679) described a very low

expression of ACE2 in almost all human cell types of the early maternal-foetal interface, suggesting the placenta had
virtually no susceptible cells to the virus. In contrast, Li, Chen et al. (PLoS One 2020, see below) evaluated cell specific
expression of ACE2 at the maternal-foetal interface as well as in multiple foetal organs. The authors found a high
expression of ACE2 in maternal-foetal cells (stromal cells, perivascular cells of decidua, cytotropho- and
syncitiotrophoblast in placenta). ACE2 expression was also found in specific cell types of human fetal heart, liver and
lung, but not in kidney. They concluded that both the vertical transmission and the placenta dysfunction/abortion
caused by SARS-CoV-2 need to be further carefully investigated in clinical practice.

All studies above described pregnancies in their third trimester, therefore the time interval from clinical manifestation
of SARS-CoV-2 infection to delivery was short. The placental barrier is capable of delaying the transfer of the virus from
mother to foetus; therefore, it remains uncertain whether there could be a risk of vertical transmission when SARS-
CoV-2 infection occurs earlier in the pregnancy. A study on SARS-CoV-2 infected pregnant women in early pregnancy
was reported by Yu (Lancet Inf Dis 2020, see below). Two pregnant women were diagnosed with COVID-19 in the first
trimester of pregnancy. In the second trimester, both patients tested positive for SARS-CoV-2 total antibodies in serum,
while nasopharyngeal swabs were negative. The results of RT-PCR tests of the patients' amniotic fluid were negative,
and tests for SARS-CoV-2 IgM and IgG in amniotic fluid were also negative. However, RNA is much less stable in
amniotic fluid than is DNA and the virus might have been undetectable in amniotic fluid because of insufficient
gestational age. Therefore, although SARS-CoV-2 was not detected in the amniotic fluid, the possibility of vertical
transmission could not be ruled out.

Intrapartum / post-partum infections

Since COVID-19 is transmitted mainly through respiratory droplets and by close contact, neonates could acquire the
infection during delivery or post-partum. A study by Fan (Clin Inf Dis 2020, see below) explored the topic of intrapartum
transmission by testing vaginal secretions of COVID-19 infected mothers. They found vaginal swabs to be negative in
all cases. Ferrazzi (BJOG 2020, see below) investigated the possibility of transmission during vaginal delivery in 24
women. Of these 24 cases, only one newborn tested positive for the virus, presumably due to post-partum
contamination. Liao (Int J Gynaecol Obstet 2020, see below) found similar reassuring results. These findings may
indicate that vaginal delivery does not increase the risk of viral transmission. The CDC therefore states that COVID-19
infection is not an indication for delivery and states that vaginal delivery can be pursued in the event of spontaneous
labor and good maternal condition.

Due to possible post-partum transmission of the disease, there has been discussion on whether or not to separate
mother and newborn. Consensus guidance from China recommends routine separation of neonates from mothers
infected by COVID-19 for at least 14 days (Chen Int J Gyn Obstetr 2020, see below). During this period, direct
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breastfeeding is not recommended. However, routine precautionary separation of a mother and a healthy baby should
not be undertaken lightly, given the potential detrimental effects on feeding and bonding. Furthermore, breastmilk
contains specific antibodies with the capability of modulating an eventual SARS-CoV-2 infection in the newborn.
Therefore, the Royal College of Obstetricians and Gynaecologists in the U.K. advises against routine separation of
mother and baby and provides guidance on individualized care
(https://www.rcog.org.uk/globalassets/documents/guidelines/2020-03-28-covid19-pregnancy-guidance.pdf) and the

WHO states that women with COVID-19 can breastfeed if they wish to do so, with respect for respiratory and hand
hygiene.

Case definition
Interim case definitions based on the current information available have been issued by WHO
(https://www.who.int/publications-detail/global-surveillance-for-human-infection-with-novel-coronavirus-(2019-

ncov)). The latest version of the document is dated March 20. These might be revised as new information accumulates,
or can be adapted by countries depending on their own epidemiologic situation. The case definition currently used in
China for instance can be found in the seventh edition (3 March 2020) of the guideline (Wang Mil Med Res 2020, see
below).

Suspect case

A. A patient with acute respiratory illness (fever and at least one sign/symptom of respiratory disease, e.g., cough,
shortness of breath), AND a history of travel to or residence in a location reporting community transmission of COVID-
19 disease during the 14 days prior to symptom onset; OR

B. A patient with any acute respiratory illness AND having been in contact with a confirmed or probable COVID-19 case
(see definition of contact) in the last 14 days prior to symptom onset; OR

C. A patient with severe acute respiratory illness (fever and at least one sign/symptom of respiratory disease, e.g.,
cough, shortness of breath; AND requiring hospitalization) AND in the absence of an alternative diagnosis that fully
explains the clinical presentation.

Probable case
Probable case: A. A suspect case for whom testing for SARS-CoV-2 is inconclusive® or B. A suspect case for whom testing
could not be performed for any reason

Confirmed case
A person with laboratory confirmation of SARS-CoV-2 infection, irrespective of clinical signs and symptoms.

In view of the clinical disease characteristics reported in the literature (and in particular the publication by Guan in
NEJM reporting only 43.8% of patients presenting with fever on admission), Zavascki (NEJM 2020, see below) noted
that the current COVID-19 suspect case definition of WHO may lead to underdiagnosis.

Definition of severe disease

While WHO has not provided a definition of severe cases of COVID-19, various publications have classified disease
cases according to severity. For instance, Zhang (Allergy 2020, see below) designated severe COVID-19 when the
patients had one of the following criteria: 1) Respiratory distress with respiratory frequency = 30/min; 2) Pulse
Oximeter Oxygen Saturation < 93% at rest; 3) Oxygenation index (artery partial pressure of oxygen/inspired oxygen
fraction, Pa02/Fi02) < 300 mmHg. Critical cases have also been defined as having respiratory failure, septic shock,

% Inconclusive being the result of the test reported by the laboratory
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and/or multiple organ dysfunction or failure (with fatal cases reported only in the last group) (Wu JAMA 2020, see
below).

Pathophysiology of COVID-19

The pathogenesis of COVID-19 is under investigation. Of note, a review on the comparative pathogenicity of the
different human coronaviruses was published by Liu (J Med Vir 2020, see below).

Viral tropism

The S protein is responsible for coronavirus entry into the cell after by binding to a cell receptor and membrane fusion,
two key steps in viral infection and pathogenesis (Benvenuto J Med Vir 2020, see below). Virus infectivity studies using
Hela cells expressing or not expressing ACE2 proteins from humans, Chinese horseshoe bats, civet, pig, and mouse
showed that SARS-CoV-2 is able to use all but mouse ACE2 as an entry receptor in ACE2-expressing cells, but not cells
without ACE2. ACE2 therefore appears as the likely cell receptor of SARS-CoV-2 (Zhou Nature 2020, see below). It was
also demonstrated that SARS-CoV-2 does not use other coronavirus receptors, aminopeptidase N and dipeptidyl
peptidase 4.

However, cell entry of coronaviruses depends not only on binding of the viral S proteins to cellular receptors but also
on S protein priming by host cell proteases. Hoffmann (Cell 2020, see below) demonstrated that SARS-CoV-2 uses the
SARS-CoV receptor ACE2 for entry and the serine protease TMPRSS2 for S protein priming.

ACE2 is expressed in a variety of cells of different organs (endothelium, liver, lungs, etc.) and is part of the renin-
angiotensin blood pressure regulation system. In the respiratory tract, it is expressed on the apical face of respiratory
epithelial cells via which infection may be mediated. Along the respiratory tract, ACE2 has been detected in the trachea,
main bronchus and alveoli, and occasionally also in the small bronchi. An expression study found that ACE2 was mostly
(83%) expressed by type Il alveolar cells (AT2), and that this cell population also highly expressed other genes that
positively regulate viral reproduction and transmission (zhao on Biorxiv:
https://www.biorxiv.org/content/10.1101/2020.01.26.919985v1).

By single cell sequencing, Weng (on BioRxiv https://www.biorxiv.org/content/10.1101/2020.02.08.926006v3.full.pdf)
found a strong co-expression between ACE2 and TMPRSSs, especially TMPRSS1 and TMPRSS2, in lung AT2 cells, which
was also the main infected cell type in SARS-CoV pneumonia. Moreover, he found the endocytosis-associated genes
were highly expressed in AT2 cells, implying that endocytosis may also facilitate the entry of SARS-CoV-2 into host cells.
As the alveolar stem-like cells, AT2 cells promote surfactant biosynthesis, self-renewal and immunoregulation. Thus,

SARS-CoV-2 appears to not only damage the AT2 cells leading to the direct injury to alveoli, but also raise alveolar
surface tension to induce dyspnoea.

Lukassen (EMBO J 2020, see below) investigated virus infection in the respiratory tract. SARS-CoV-2 was reported to
enter cells via binding to ACE2, followed by its priming by TMPRSS2. ACE2 was found predominantly expressed in a
transient secretory cell type in the subsegmental bronchial branches. Interestingly, these transiently differentiating
cells show an enrichment for pathways related to RHO GTPase function and viral processes suggesting increased
vulnerability for SARS-CoV-2 infection.

Based on the public single-cell RNA-Seq datasets, Wu
(https://www.medrxiv.org/content/10.1101/2020.02.11.20022228v2) found ACE2 expression in nasal epithelial cells.
The size of this population of ACE2-expressing nasal epithelial cells appeared comparable with the size of the

population of ACE2-expressing AT2 cells.
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Using bulk RNA-seq profiles from two public databases and single-cell transcriptomes from an independent dataset
generated in-house, Xu (Nature 2020, see below) found evidence of ACE2 expression in the oral cavity and suggested
enrichment in epithelial cells. Moreover, among different oral sites, ACE2 expression was found higher in tongue than
buccal and gingival tissues.

ACE2 and TMPRSSs are also highly co-expressed in absorptive enterocytes and upper epithelial cells of oesophagus,
implying that intestinal epithelium and oesophagus epithelium may also be the potential target tissues. Liang (on
MedRxiv: https://www.medrxiv.org/content/10.1101/2020.02.03.20020289v2) also reported that ACE2 mRNA was
highly expressed in the healthy human small intestine. Besides, single-cell RNA sequencing data showed ACE2 to be

significantly elevated in proximal and distal enterocytes. Zhou (Nat Med 2020, see below) demonstrated active
replication of SARS-CoV-2 in human intestinal organoids and isolation of infectious virus from the stool specimen of a
patient with diarrheal COVID-19. The robust SARS-CoV-2 replication in human intestinal organoids suggests that the
human intestinal tract might be a transmission route of SARS-CoV-2. They also established the first expandable
organoid culture system of bat intestinal epithelium and present evidence that SARS-CoV-2 can infect bat intestinal
cells.

In addition, a manuscript by Lin (https://www.biorxiv.org/content/10.1101/2020.02.08.939892v1) reported the use
of published kidney and bladder cell atlas data and an independent unpublished kidney single cell RNA-Seq data to
evaluate ACE2 gene expressions in all cell types in healthy kidneys and bladders. Results showed the enriched

expression of all subtypes of proximal tubule cells of kidney and low but detectable levels of expression in bladder
epithelial cells. The data suggest that the urinary system may be a potential target for infection. Fan (on MedRxiv:
https://www.medrxiv.org/content/10.1101/2020.02.12.20022418v1) also noted that ACE2 is highly expressed in renal
tubular cells, Leydig cells and cells in seminiferous ducts in testis. He recommended renal function evaluation and

special care of patients, especially in case of therapy with drugs associated with renal toxicity, and suggested that
clinicians should pay attention to the risk of testicular lesions in patients. However, this hypothesis is not supported
by the observations by Wang (see Clinical disease in China above).

Liu (manuscript on MedRxiv: https://www.medrxiv.org/content/10.1101/2020.02.28.20029181v1), using public
datasets (bulk RNA-seq and single-cell RNA-seq), showed expression of ACE2 in pancreas (in both exocrine glands and

islets), and related this observation to clinical data suggesting mild pancreatitis in some patients. Among 67 severe
cases, 11 patients (16.41%) showed elevated levels of both amylase and lipase, and 5 patients (7.46%) showed imaging
alterations.

To construct a risk map of different human organs, Zou (Front Med 2020, see below) analysed the single-cell RNA
sequencing (scRNA-seq) datasets derived from major human physiological systems, including the respiratory,
cardiovascular, digestive, and urinary systems, for ACE2 expression. Through scRNA-seq data analyses, the authors
identified the organs at risk, such as lung, heart, oesophagus, kidney, bladder, and ileum, and located specific cell types
(i.e., type Il alveolar cells (AT2), myocardial cells, proximal tubule cells of the kidney, ileum and oesophagus epithelial
cells, and bladder urothelial cells) as vulnerable to SARS-CoV-2 infection.

Chen (manuscript available on Preprints: https://www.preprints.org/manuscript/202002.0258/v2) found that ACE2

expression in the lung increases with age. A high viral load in elderly patients could therefore be associated not only
with low immunity but also with high expression of the ACE2 receptor. This could explain the high degree of severe
disease in older patients with SARS-CoV-2 (Chen, Li Lancet Inf Dis 2020, see below).

Considering that a conserved RGD (403-405:Arg-Gly-Asp) motif is present in the receptor -binding domain of the spike
proteins of all SARS-CoV-2, Sigrist (Antivir Res 2020, see below) presented the hypothesis that SARS-CoV-2 acquired
integrin-binding to promote virus entry into host cells. However, experimental proof of this is required. Binding to
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integrin may play a supplemental role to ACE2 binding, like facilitating endocytosis by signalling through the integrin.
Alternatively, the virus could infect different target cells by binding to ACE2 or to integrins.

Using SARS-CoV-2 S protein pseudovirus system, Ou (Nature Comm 2020, see below) confirmed that human ACE2 is
the receptor for SARS-CoV-2, found that SARS-CoV-2 enters 293/hACE2 cells mainly through endocytosis, and that
PIKfyve, TPC2, and cathepsin L are critical for entry.

Of note, a review by Li (Pharmacol Res 2020, see below) provided an interesting summary on ACE2 expression. It
presents for instance the influence of sex hormones, age, or diet on expression.

Portal of entry

Xu (J Dent Res 2020, see below) analysed the expression of ACE2 in human organs in the GTEx portal. The expression
of ACE2 in minor salivary glands was higher than that in lungs, which suggests salivary glands could be potential target
for COVID-19. In addition, SARS-CoV RNA has been detected in saliva before lung lesions appeared. A similar
phenomenon could explain the presence of asymptomatic infections with COVID-19.

Using ex vivo and in vitro culture systems, Hui (Lancet Respir Med 2020, see below) found that the conjunctival
epithelium and conducting airways appear to be potential portals of infection for SARS-CoV-2. SARS-CoV-2 infected
ciliated, mucus-secreting, and club cells of bronchial epithelium, type 1 pneumocytes in the lung, and the conjunctival
mucosa. In the bronchus, SARS-CoV-2 replication competence was higher than SARS-CoV. In the lung, SARS-CoV-2
replication was similar to SARS-CoV. In conjunctiva, SARS-CoV-2 replication was greater than SARS-CoV.

Determinants of pathogenicity

While information pertaining to the replication of SARS-CoV-2, and the interactions between the virus and its host, is
accumulating, available data to document the mechanisms involved during infection by other human CoVs may also
be of use (see for instance, Fung Ann Rev Microbiol 2019 below or Chen J Med Virol 2020 below).

S protein and interaction with ACE2

The expression level and expression pattern of human ACE2 in different tissues might be critical for the susceptibility,
symptoms, and outcome of SARS-CoV-2 infection. A single-cell RNA-sequencing (RNA-seq) analysis indicated that Asian
males may have higher expression of ACE2. Cao (Cell Discov 2020, see below) analysed coding-region variants in ACE2
and the expression quantitative trait loci (eQTLs) variants, which may affect the expression of ACE2, to compare the
genomic characteristics of ACE2 among different populations. No direct evidence was identified genetically supporting
the existence of S-protein binding-resistant ACE2 mutants in different populations. However, East Asian populations
were found to have higher allele frequencies in the eQTL variants, associated with higher ACE2 expression in tissues,
which may suggest different susceptibility or response to SARS-CoV-2 from different populations under similar
conditions.

Subsequently, Hussain (J Med Vir 2020, see below) found that ACE2 alleles, rs73635825 (S19P) and rs143936283
(E329G) showed noticeable variations in their intermolecular interactions with the viral S protein. These data provide
a structural basis of potential resistance against SARS-CoV-2 infection driven by ACE2 allelic variants.

A manuscript by Meng (on BioRxiv: https://www.biorxiv.org/content/10.1101/2020.02.08.926006v3.full.pdf) suggests
enhanced S protein cleavage with SARS-CoV-2 compared to SARS-CoV. A SPRR insertion in the S1/S2 protease cleavage

sites of SARS-CoV-2 S protein was found to increase cleavage efficiency as assessed by protein sequence alignment
and furin score calculation. Additionally, the insertion sequence facilitates the formation of an extended loop which
was more suitable for protease recognition by homology modelling and molecular docking. Coutard (Antivir Res 2020,
see below) and Wang (Virol Sin 2020, see below) also identified a peculiar furin-like cleavage site in the S protein of
SARS-CoV-2, which is lacking in the other SARS-like CoVs. The authors hypothesised that this cleavage site may affect
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the viral cycle and pathogenicity. Shang (PNAS 2020, see below) subsequently confirmed that unlike SARS-CoV, cell
entry of SARS-CoV-2 is preactivated by proprotein convertase furin, reducing its dependence on target cell proteases
for entry. The high hACE2 binding affinity of the RBD, furin preactivation of the S, and hidden RBD in the S potentially
allow SARS-CoV-2 to maintain efficient cell entry while evading immune surveillance.

Through plaque purification of Vero-E6 cultured SARS-CoV-2, Lau (Em Micr Inf 2020, see below) found a virus variant
with in-frame deletions in the S1/S2 cleavage site region (Del-mut-1), which is attenuated in its ability to cause disease
in a SARS-CoV-2 hamster model.

Increased receptor expression
A study by Ziegler (Cell 2020: https://www.sciencedirect.com/science/article/pii/S0092867420305006) demonstrated
that the antiviral interferon response upregulates the expression of ACE2 in human nasal epithelia and lung tissue.

This finding suggested that SARS-CoV-2 could exploit the interferon pathway, essential for host antiviral defence, to
enhance infection.

Infection of immune cells
Xu (Int J Oral Sci 2020, see below) found ACE2 expression in lymphocytes within the oral mucosa, and reported similar
expression in various organs of the digestive system and in lung, even though the proportion of ACE2-positive
lymphocytes was quite small.

Wang (Cell Mol Immunol. 2020, see below) showed that SARS-CoV-2 could infect T cells (MT-2 cell line) and that
infection occurred through receptor-dependent, S protein-mediated membrane fusion. A very low expression level of
hACE2 was found; from these data, the authors concluded that a novel receptor might mediate SARS-CoV-2 entry into
T cells. However, the relevance of these data obtained in cell line to primary T cells remains to be confirmed.

In a study by Feng (manuscript on MedRxiv:
https://www.medrxiv.org/content/10.1101/2020.03.27.20045427v1.full.pdf+html), spleens and lymph nodes from
six COVID-19 patients with post-mortem examinations were collected and inspected for viral presence in resident

macrophages, B cells and T cells. Inmunochemistry demonstrated that SARS-CoV-2 nucleoprotein could be detected
in ACE2+, CD169+ macrophages in spleen and lymph nodes, while no viral infection could be found in T cells and B
cells. Moreover, it was observed that SARS-CoV-2 infection induces severe tissue damage including lymph follicle
depletion, splenic nodule atrophy, histiocyte hyperplasia and lymphocyte reductions. The authors suggest that
lymphocytopenia that is prevalent in COVID-19 patients might be caused by viral infected macrophages inducing
lymphocyte apoptosis, mediated by Fas/FasL signalling.

Other observations

Angeletti (J Med Vir 2020, see below) used sequence analysis and modelling to predict features of SARS-Cov-2
pathogenicity. He suggested that the stabilizing mutation falling in the endosome-associated-protein-like domain of
the nsp2 protein could account for COVID-19 high transmission capability, while the destabilizing mutation in nsp3
proteins could suggest a potential mechanism differentiating COVID-19 from SARS.

Fahmi (Infect Genet Evol. 2020, see below) showed that two non-structural proteins, NS7b and NS8, were exclusively
conserved among SARS-CoV-2, BCoV_RaTG, and BatSARS-like Cov. NS7b and NS8 have previously been shown to affect
immune response signalling in the SARS-CoV experimental model. Thus, the authors speculated that the properties of
these accessory proteins, NS7b and NS8, in SARS-CoV-2 may affect its ability to infect humans.

Pathological observations from biopsies and autopsies
A manuscript by Tian (J Thorac Oncol 2020, see below) describes examinations of biopsies of 2 asymptomatic cancer
patients who underwent surgery and were later found to have been infected with SARS-CoV-2. The lungs of both
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patients exhibited oedema, proteinaceous exudate with globules, focal hyperplasia of pneumocytes with only patchy
inflammatory cellular infiltration, and multinucleated giant cells. Hyaline membranes were not prominent. These
observations likely represent an early phase of the lung pathology of COVID-19 pneumonia.

Xu (Lancet Resp Med 2020, see below) described for the first time pathology findings from biopsies collected at
autopsy. The pathological features of COVID-19 greatly resemble those seen in SARS and MERS. In addition, the liver
biopsy specimens of the patient with COVID-19 showed moderate microvascular steatosis and mild lobular and portal
activity, indicating the injury could have been caused by either SARS-CoV-2 infection or drug-induced liver injury. There
were a few interstitial mononuclear inflammatory infiltrates, but no other substantial damage in the heart tissue.

Zhang (Ann Int Med 2020, see below) presented the histopathologic changes seen on post-mortem transthoracic
needle biopsies from a patient with COVID-19 who had respiratory failure and radiographic bilateral ground-glass
opacities. Nonspecific findings consistent with diffuse alveolar damage were observed. Immunostaining of lung
sections with an antibody to the Rp3 N protein of SARS-CoV-2 revealed prominent expression on alveolar epithelial
cells, including damaged, desquamated cells within the alveolar space. In contrast, viral protein expression was
minimally detectable on blood vessels or in the interstitial areas between alveoli.

Barnes (J Exp Med 2020, see below) studied the function of neutrophils and their ability to form neutrophil
extracellular traps (NETs), which may contribute to organ damage and mortality in COVID-19. The authors showed
lung infiltration of neutrophils in an autopsy specimen from a patient who succumbed to COVID-19. Prior reports
extensively linked aberrant NET formation to pulmonary diseases, particularly ARDS. Intravascular NETs have been
shown to play a vital role in initiating and accreting thrombosis in arteries and veins. NETs may also be involved in the
cytokine storm.

Menter (Histopathology 2020, see below) reported autopsy findings of 21 COVID-19 patients hospitalised in
Switzerland. The primary cause of death was respiratory failure with exudative diffuse alveolar damage with massive
capillary congestion often accompanied by microthrombi despite anticoagulation. Ten cases showed superimposed
bronchopneumonia. Further findings included pulmonary embolisms (n=4), alveolar haemorrhage (n=3) and vasculitis
(n=1). Pathologies in other organ systems were predominantly attributable to shock; three patients showed signs of
generalised thrombotic microangiopathy. Six patients were diagnosed with senile cardiac amyloidosis upon autopsy.
Most patients suffered from one or more comorbidities (hypertension, obesity, cardiovascular diseases, diabetes
mellitus).

Mechanisms of enhanced disease

Antibody-dependent enhancement (ADE) occurs when antibodies facilitate viral entry into host cells and enhance viral
infection in these cells. ADE has been observed for a variety of viruses, most notably flaviviruses (e.g., dengue virus).
ADE has been observed for coronaviruses. Several studies have shown that sera induced by SARS-CoV S enhance viral
entry into Fc receptor-expressing cells, including monocytes, macrophages and B cells (Wan, Shang, Sun et al J Vir 2020,
see below). One study demonstrated that unlike receptor-dependent viral entry, serum-dependent SARS-CoV entry
does not go through the endosome pathway. Additionally, it has long been known that immunization of cats with
feline coronavirus spike leads to worsened future infection due to the induction of infection-enhancing antibodies.
Wan et al. further studied the molecular mechanism of ADE using MERS-CoV and a monoclonal antibody as a model.

A publication by Tetro (preprint available in Microb Inf 2020:
https://reader.elsevier.com/reader/sd/pii/S1286457920300344 ?token=0EOB1A0532BEFAD83CBA48B5118C612C3C0O
AB30DB736B57A27E49972594314494E48D01DF5EQF17D3215A26D15466C2) further described the hypothesis that
ADE due to prior exposure to other coronaviruses could underlie the severity of cases in the Hubei province. In the

context of identifying the priming coronavirus, he noted that as the introduction of SARS-CoV into humans has been
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suggested to have occurred in the Hubei Province. However, SARS-CoV is not likely to be a predominant priming virus
for ADE to SARS-CoV-2. Seroprevalence studies have shown a very low level of SARS-CoV seroconversion in the
population apart from workers with direct contact with animals such as traders.

Alternatively, Fu (Virol Sin 2020, see below) speculated that a mechanism of ADE of viral infection occurs in some
patients with early, sub-optimal antibody activity that cannot completely clear the virus, but instead leads to persistent
viral replication and inflammation.

A review by Iwasaki (Nature Rev Immunol 2020, see below) outlined the potential danger of suboptimal antibody
responses against SARS-CoV-2 and ADE, as well as implications for vaccine development. The authors raised the point
that ADE might not facilitate the spread of SARS-CoV in infected hosts, as infection of macrophages through ADE does
not result in productive viral replication and shedding. Instead, based on prior evidence with SARS-CoV, they suggest
that non-neutralizing antibodies can promote inflammation and tissue injury by activating myeloid cells via FcRs.
Enhanced disease might occur when low quality, low quantity antibodies are present, activating molecular
mechanisms (e.g., FcR activation, viral RNA detection in macrophages, complement activation) that result in pro-
inflammatory cytokine secretion, increased neutrophil and eosinophil lung infiltration, and more severe lung
pathology. The conclusion of this paper referred to 2 manuscripts on MedRxiv, which have associated higher titres of
higher titres of anti-S and/or anti-N IgG and IgM at all time points following the onset of symptoms with a worse
disease outcome.

In addition, in a PNAS news feature (see below), Peeples noted that experts argue that a pathogenic Th2 memory
response with eosinophil and immune complex formation might cause (vaccine) enhanced disease.

Hyperinflammation and acute respiratory distress syndrome

Similar to patients with SARS-CoV and MERS-CoV, some patients with COVID-19 develop acute respiratory distress
syndrome (ARDS) with characteristic pulmonary ground glass changes on imaging (Zumla Lancet 2020). COVID-19 is
also associated with increases in IL-6, IL-10, IL-2 and IFN-y levels in the peripheral blood in the severe cases compared
to those in the mild cases (Liu on MedRxiv: https://www.medrxiv.org/content/10.1101/2020.02.16.20023671v1).
Accumulating evidence indicates that part of the severe COVID-19 patients have an elevated cytokine profile

resembling the cytokine storm described in SARS and MERS (Zhang Clin Imm, see below). The observations have been
found consistent with the characteristics of the so called “primary cytokine” storm induced by viral infection which
were mainly produced by alveolar macrophages, epithelial cells and endothelial cells, rather than those observed in
“secondary cytokine” storm induced by different subsets of activated T lymphocytes in late stage of viral infection or
a complication of T cell-engaging therapies.

In line with these observations, Liao (see Observations in COVID-19 patients above) showed that monocyte-derived
FCN1+ macrophages, but not FABP4+ alveolar macrophages that represent a predominant macrophage subset in BALF
from patients with mild diseases, overwhelm in the severely damaged lungs from patients with ARDS. These cells are
highly inflammatory and enormous chemokine producers implicated in cytokine storm.

Fu (Virol Sin 2020, see below) explored the possible mechanisms of the inflammatory response observed in COVID-19
pneumonia. Based on previous studies of SARS-CoV, he separated the inflammatory responses in SARS-CoV-2 infection
into primary and secondary responses (Figure 9). Primary inflammatory responses occur early after viral infection,
prior to the appearance of neutralizing antibodies (NAb). These responses are mainly driven by active viral replication,
viral-mediated ACE2 downregulation and shedding, and host antiviral responses. Secondary inflammatory responses
begin with the generation of adaptive immunity and NAb. The virus-NAb complex can also trigger FcR-mediated
inflammatory responses and acute lung injury.
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Interestingly, Ong (Cell Host & Microbe 2020: https://marlin-prod.literatumonline.com/pb-
assets/journals/research/cell-host-microbe/chom 2283 s5.pdf) found a highly dynamic expression of pro-

inflammatory genes in COVID-19. Expression of most of these genes peaked after nadir of respiratory function, which
guestions a cytokine storm hypothesis. Instead the authors’ data hints at the possibility that the IL1 pathway may be
a more suitable correlate of severe respiratory disease.

The cytokine profile associated with COVID-19 disease severity has been reported as characterised by increased IL-2,
IL-7, granulocyte-colony stimulating factor, interferon-y inducible protein 10, monocyte chemoattractant protein 1,
macrophage inflammatory protein 1-a, and tumour necrosis factor-a. Predictors of fatality have been found to include
elevated ferritin and IL-6, suggesting that mortality might be due to virally driven hyperinflammation (Mehta Lancet
2020, see below).

Figure 9 Possible mechanisms of SARS-CoV-2-mediated inflammatory responses (from Fu Virol Sin 2020).
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Ji (manuscript on MedRxiv: https://www.medrxiv.org/content/10.1101/2020.02.24.20025437v1) described the use of
TWIRLS, an automated topic-wise inference method based on massive literature, to suggest a possible mechanism of
SARS-CoV-2 pathogenicity. The method yielded the hypothesis that after triggering functional changes in ACE2/AT2R,
an imbalance in the steady-state cytokine regulatory axis involving the Renin-Angiotensin System and IP-10 leads to a

cytokine storm.

Ciceri (Crit Care Resusc 2020, see below) suggested “MicroCLOTS” (microvascular COVID-19 lung vessels obstructive
thromboinflammatory syndrome) as a new name for severe pulmonary COVID-19. The authors hypothesised that, in
predisposed individuals, alveolar viral damage is followed by an inflammatory reaction and by microvascular
pulmonary thrombosis. This progressive endothelial thromboinflammatory syndrome may also involve the
microvascular bed of the brain and other vital organs, leading to multiple organ failure and death.

Magro (Transl Res 2020, see below) examined skin and lung tissues from 5 patients with severe COVID-19
characterized by respiratory failure (n=5) and purpuric skin rash (n=3) by light microscopy and immunohistochemistry.
No viral cytopathic changes were observed and the diffuse alveolar damage with hyaline membranes, inflammation,
and type Il pneumocyte hyperplasia, hallmarks of classic ARDS, were not prominent. These pulmonary findings were
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accompanied by significant deposits of terminal complement components C5b-9 (membrane attack complex), C4d,
and MASP2, in the microvasculature, consistent with sustained, systemic activation of the alternative and lectin-based
complement pathways. The purpuric skin lesions similarly showed a pauci-inflammatory thrombogenic vasculopathy,
with deposition of C5b-9 and C4d in both grossly involved and normally-appearing skin. In addition, there was co-
localization of COVID-19 spike glycoproteins with C4d and C5b-9 in the inter-alveolar septa and the cutaneous
microvasculature of two cases examined. In conclusion, at least a subset of sustained, severe COVID-19 may define a
type of catastrophic microvascular injury syndrome mediated by activation of complement pathways and an
associated procoagulant state.

Impact of age on disease severity

Molloy (Pediatr Res 2020, see below) suggested that a possible reason for the disparity in severity between adults and
children may relate to differences in receptors in the renin-angiotensin system and altered inflammatory responses to
pathogens.

Influence of gender

A review by Scully (Nat Rev Imm 2020, see below) introduced sex-differential features of immunity and highlighted
the potential sex differences underlying COVID-19 severity. In one cohort of patients with COVID-19, severe respiratory
failure was associated with a pattern of inflammation, macrophage activation and depletion of lymphocytes that was
distinct from bacterial infection. There was a sex bias for severe COVID-19 not observed in the comparator group with
bacterial infections. Sex-differential production of IL-6, monocyte transcriptional patterns and inflammatory set point
could contribute to an enhanced risk of death in males.

Mechanisms of myocardial injury

Both Guo (JAMA Cardiol 2020, see below) and Shi (JAMA Cardiol 2020, see below) observed that myocardial injury is
significantly associated with fatal outcome of COVID-19 in China. A review of the importance of myocarditis in COVID-
19 was published by Madjid (JAMA Cardiol 2020, see below), who suggested that myocardial injury is likely associated
with infection-related myocarditis and/or ischemia, and provides an important prognostic factor in COVID-19. Bonow
(JAMA Cardiol 2020, see below) further discussed the observation that patients with pre-existing cardiovascular
disease are susceptible to the most adverse complications of COVID-19, and the fact that the mechanisms responsible
for these outcomes remain largely unknown. Bonow also pointed to a mechanism of demand ischemia that devolves
into myocardial injury or plaque disruption stimulated by intense systemic inflammatory stimuli. SARS-CoV-2 can elicit
an intense release of multiple cytokines and chemokines that may lead not only to vascular inflammation and plaque
instability but also to myocardial inflammation. Direct viral infection of the myocardium is another possible causal
pathway of myocardial damage. The affinity of SARS-CoV-2 for the host ACE2 receptor also raises the possibility of
direct viral infection of vascular endothelium and myocardium. It is thus possible that in some patients with or without
pre-existing cardiovascular disease, COVID-19-associated myocardial injury could represent myocarditis.

Chen (Cardiovasc Res 2020, see below) found that pericytes with high expression of ACE2 might act as the target
cardiac cell of SARS-CoV-2. The pericytes injury due to virus infection may result in capillary endothelial cells
dysfunction, inducing microvascular dysfunction. Patients with basic heart failure disease showed increased ACE2
expression at both mRNA and protein levels, meaning that if infected by the virus these patients may have higher risk
of heart attack and critically ill condition. This study may explain the high rate of severe cases among COVID-19 patients
with basic cardiovascular disease

Signs of liver injury

Guan (Zhonghua Gan Zang Bing Za Zhi 2020, see below) investigated the possible mechanism of liver injury in patients.
ALT and AST are indeed abnormally elevated in some patients, especially in severe disease cases. The author assumed
that in addition to the over-activated inflammatory response in patients with COVID-19 pneumonia, the up-regulation
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of ACE2 expression in liver tissue caused by compensatory proliferation of hepatocytes derived from bile duct
epithelial cells may also be the possible mechanism of liver tissue injury.

A publication by Xu (Liver Int 2020, see below) provided a summary of available information on SARS-CoV-2 and liver
injury. The authors noted that the liver injury observed in COVID-19 patients might be caused by lopinavir/ritonavir,
and that there is still a lack of reports that liver failure occurs in COVID-19 patients with chronic liver diseases.

Neurotropism?

Li, Bai et Hashikawa (J Med Vir 2020, see below), considering the similarities of the disease with SARS-CoV and MERS-
CoV, proposed a potential neuroinvasion of SARS-CoV-2 to be partially responsible for the acute respiratory failure of
COVID-19 patients. A similar hypothesis has been raised by Steardo (Acta Physiol 2020, see below).

Conde Cardona (J Neurol Sci 2020, see below) presented a series of arguments supporting the contention that that
respiratory distress is not only the result of pulmonary inflammatory structural damage, but also due to the damage
caused by the virus in the respiratory centers of the brain. These arguments included for instance the neurological
symptoms observed in a subset of the patients (incl. anosmia and dysgeusia), detection of the virus genome in the
cerebrospinal fluid of a patient, as well as presence of receptors of ACE2 in the cerebral vascular endothelium and its
self-regulatory function, causing elevation of cerebral blood pressure.

Co-infections

A study by Wang (manuscript non-peer reviewed on MedRxiv
https://www.medrxiv.org/content/10.1101/2020.02.12.20022327v1.full.pdf) analysed 613 patients with fever who
underwent multiple tests for 13 respiratory pathogens. Interestingly, 5.8% of patients with SARS-CoV-2 infection were

reported to be co-infected with coronavirus (3/104), influenza A virus (2/104), rhinovirus (2/104), and/or influenza A
H3N2 (1/104).

Similarly, respiratory virus, fungi and bacteria co-infections were reported by Ai (on MedRxiv
https://www.medrxiv.org/content/10.1101/2020.02.13.20022673v1).

A case report on co-infection with SARS-CoV-2 and Influenza A Virus in a patient with pneumonia in China has also
been presented (Wu Emerg Inf Dis 2020, see below).

Lin (Sci China Life Sci 2020, see below) reported on the use of a multiplex RT-PCR method (multiplex rapid detection
kit 2.0, Uni-MEDICA Tech, Shenzhen), which can simultaneously detect 15 respiratory tract infection pathogens
including the SARS-CoV-2, was employed to screen the pathogen agents in the patients. These 15 respiratory
pathogens are SARS-CoV-2, influenza A/B, coronavirus NL63, coronavirus, parainfluenza virus type 1/2/3(PIV1/2/3),
adenovirus, rhinovirus (hRV), human bocavirus, coronavirus HKU1 (HKU1), coronavirus 0C43, human
metapneumovirus (hMPV) and respiratory syncytial virus (RSV). A total of 186 suspected COVID-19 cases were tested.
In the 92 SARS-CoV-2 (49.46%) positive patients, the common respiratory viruses RSV, hRV, hMPV, PIV2 and HKU1
were also simultaneously detected in six patients (3.2%) respectively, of which four patients (2.2%) were positive for
at least two detected viruses. The co-infections in these six patients were further verified in parallel testing using a
second-day sampling from the same patients.

Zhu (J Med Vir 2020, see below) reported on a severe case involving co-infection of SARS-CoV-2 and HIV. Unfortunately,
the publication does not provide details as to the time of HIV diagnosis.

Rawson (Clin Inf Dis 2020, see below) explored the current literature surrounding bacterial/fungal co-infection in
patients with coronavirus infection. 62/806 (8%) COVID-19 patients were reported as experiencing bacterial/fungal
co-infection during hospital admission. Secondary analysis demonstrated wide use of broad-spectrum antibacterials.
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Van der Vliet
COVIPENDIUM version: 15 JULY 2020 Transdisciplinary Insights - Living Paper | 60


https://www.medrxiv.org/content/10.1101/2020.02.12.20022327v1.full.pdf
https://www.medrxiv.org/content/10.1101/2020.02.13.20022673v1

Animal models

Animal models are required to provide information on pathogenesis, host responses to infection, and to evaluate
vaccines and other therapeutic targets. Yuan (Em Micr Infect, see below) provides a clear review on the status of
natural and experimental infection of SARS-COVs and MERS in animal models.

Bioinformatic analyses can be consistent with experiments and as such prevent unnecessary sacrifice of laboratory
animals (Tang, manuscript on Preprints: https://www.preprints.org/manuscript/202005.0238/v2). On the basis of

sequence analyses, Wan, Shang, Graham et al. (J Vir 2020, see below) predicted that either SARS-CoV-2 or laboratory
mice and rats would need to be genetically engineered before a robust mouse or rat model for COVID-19 would
become available. By contrast, the authors noted that pigs, ferrets, cats, and non-human primates contain largely
favourable SARS-CoV-2 -contacting residues in their ACE2 and hence may serve as animal models for SARS-CoV-2.
Comparison of SARS-CoV and SARS-CoV-2 S proteins bound the ACE2 receptors showed that the SARS-CoV-2 S
glycoprotein has adapted to bind the human, but not rodent, ACE2 with high affinity and that ferrets are the most
suitable model for the study of inhibitory antibodies and small molecules targeting the SARS-CoV-2 S protein
interaction with ACE2 (Brooke, manuscript on Research Square: https://doi.org/10.21203/rs.3.rs-29443/v1). In
contrast, the authors did not detect species-specific adaptation for TMPRSS2. Bosco-Lauth (manuscript on BioRxiv:
https://doi.org/10.1101/2020.05.28.120998) studied the pathogenesis and SARS-CoV-2 transmission in domestic cats
and suggested they may be an animal model more relevant to study mild human disease. Additionally, the relatively

high-titer viral shedding produced by cats and the rapidity of transmission may make them an ideal model for
simulation of aerosols. As such, cat models may be quite useful for understanding the shed/spread kinetics of SARS-
CoV-2 furthering the development of vaccines and therapeutics.

Transgenic mice

Bao (Nature 2020, see below) presented data supporting the suitability of the SARS-CoV transgenic mouse model for
SARS-CoV2. The hACE2 transgenic mice were inoculated intranasally at a dosage of 1075 TCID50 per mouse. Weight
loss of up to 5% was observed for 10 dpi only in the infected mice. Other clinical symptoms were not observed. The
typical histopathology was interstitial pneumonia with significant inflammatory cells infiltration around the
bronchioles and blood vessels, and viral antigens were observed in bronchial epithelial cells and alveolar epithelial
cells. The phenomenon was not found in wild type mice infected with SARS-CoV-2.

Sun (Cell Host Micr 2020, see below) generated a mouse model expressing human ACE2 (hACE2) by using CRISPR/Cas9
knockin technology. In comparison with wild-type C57BL/6 mice, both young and aged hACE2 mice sustained high viral
loads i