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Thesis summary (in Catalan)

Introduccio:

La pneumonia adquirida a la comunitat constitueix la primera causa de mortalitat infecciosa
tant a nivell mundial com Europeu, amb una taxa de mortalitat intrahospitalaria
d’aproximadament el 10%. Tot i que Streptococcus pnenmoniae continua sent el principal agent
etiologic, la pneumonia viral esta guanyant protagonisme. Les complicacions de la
pneumonia van més enlla de P'afectaci6 local, involucrant altres organs. D’un interes especial
son els esdeveniments cardiacs aguts, els quals empitjoren notablement el pronostic. Alguns

estudis suggereixen que el dany cardiac per S. presmoniae esta relacionat amb el tipus de soca.

Noves tecnologies han permes comprendre millor la patogenesi de la pneumonia.
L’analisi metabolomic —mitjancant 'espectroscopia de RMN i I'espectrometria de masses—,
transcriptomic, genomic, i proteomic, han donat peu a I'inici de 'anomenada “revolucié
omica". Malgrat aixo, les investigacions sobre el perfil d'expressié geénica en la pneumonia

continuen sent limitades.

L'aparicié de la SARS-CoV-2 ha precipitat un augment en els estudis omics que
examinen la patogeénesi de la COVID-19. Els estudis transcriptomics 1 metabolomics
ofereixen oportunitats per estudiar I’heterogeneitat clinica de la malaltia, identificant
potencialment signatures de ’hoste associades amb el risc de progressié. La comprensio de
la resposta immune humoral a la COVID-19, tant en sang com a nivell de mucoses, també

és una area d'investigacio clau.
Hipotesi:
1. El transcriptoma de pacients hospitalitzats amb pneumonia adquirida a la comunitat

presenta patrons distintius entre supervivents i no supervivents.

2. Els serotips 1 complexes clonals de S. prenmoniae son un determinant clau en el

desenvolupament d'esdeveniments cardiacs aguts.

3. Els adults hospitalitzats amb COVID-19 que progressen cap a destret respiratori
manifesten un perfil transcriptomic caracteristic comparat amb aquells amb simptomes

moderats.

4. Les infeccions previes per altres coronavirus humans influeixen en la naturalesa de la

resposta d'anticossos contra el SARS-CoV-2.

5. Les infeccions per SARS-CoV-2 indueixen una immunitat humoral mucosal local robusta,

un procés influit per 'exposici6 previa a altres coronavirus humans.

0. Els pacients hospitalitzats amb COVID-19 moderada que posteriorment es deterioren
presenten una signatura metabolomica distintiva que prediu el risc de progressié de la

malaltia.
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Objectius:

1. Comparar el perfil transcriptomic entre els pacients supervivents i no supervivents de
pneumonia adquirida a la comunitat per identificar les vies fisiopatologiques 1 els

biomarcadors pronostics.

2. Determinar els factors de risc relacionats amb l'hoste i el patogen per al desenvolupament

d'esdeveniments cardiacs aguts en la pneumonia pneumococcica.

3. Determinar la diferéncia del perfil transcriptomic entre els pacients hospitalitzats amb
COVID-19 greu i moderada per ampliar la nostra comprensio de la heterogeneitat del curs

clinic de la malaltia.

4. Perfilar la resposta humoral dinamica contra el SARS-CoV-2. Investigar el paper de
I'emprempta immunologica de la infeccid previa per coronavirus estacionals en la resposta
d'anticossos dels pacients amb COVID-19.

5. Caracteritzar la resposta preco¢ d'anticossos a nivell de mucoses i el repertori
d'immunoglobulines contra les proteines S del SARS-CoV-2 i HCoV-OC43 estacional en
mostres d’aspirat nasofaringi de pacients amb COVID-19.

6. Caracteritzar l'alteracié metabolomica de la COVID-19 greu i desenvolupar un model

predictiu basat en una signatura metabolomica capag de predir la progressié de la malaltia.

Métodes:
La tesi consta de sis estudis realitzats en cinc cohorts diferents.

El primer estudi compara el perfil transcriptomic, aplicant l'analisi d'enriquiment de conjunts
de gens, de pacients hospitalitzats amb pneumonia adquirida a la comunitat entre
supervivents i no supervivents. El segon estudi analitza els factors de risc de I'hoste i I'impacte
del serotip i genotip de S. prenmoniae en el desenvolupament d'esdeveniments cardiacs aguts
en la pneumonia pneumococcica mitjangant una analisi tipus funnel plot. El tercer estudi
compara el perfil transcriptomic dinamic, aplicant l'analisi d'entiquiment de conjunts de gens,
de pacients hospitalitzats amb COVID-19 amb destret respiratori i aquells que no presenten
aquesta condicié. El quart 1 cinque estudis determinen la resposta humoral en sang i en via
respiratoria superior en la infecci6 per SARS-CoV-2, i analitzen el back-boost contra
coronavirus estacionals previs per investigar 'emprempta immunologica. L'iltim estudi
investiga el perfil metabolomic mitjangant espectroscopia de RMN en pacients ingressats per
COVID-19, creant un model multivariant incorporant les ratios de metabolits per predir el

risc de progressio.
Principals resultats:

1. L'analisi d'enriquiment de conjunts de gens va indentificar quatre conjunts de gens

positivament enriquits en els supervivents, principalment associats amb l'interferé-alfa,
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l'apoptosiiles hormones sexuals. Contrariament, els set conjunts de gens enriquits en aquells
que van ser ¢xitus estaven associats amb l'estres oxidatiu, l'estres del reticle endoplasmatic i

l'angiogenesi.

2. Els factors associats amb esdeveniments cardiacs van ser 1'edat avancada, les condicions
cardiaques preexistents, la presencia de bacteriemia pneumococcica i el xoc septic. Els analisis
de funnel plot no van trobar associacié entre els serotips o els complexes clonals amb

esdeveniments cardiacs, tot 1 que es va observar una tendéncia per a CC230.

3. La COVID-19 greu es caracteritza per una resposta inflamatoria desregulada, amb un
augment de l'expressié de gens relacionats amb molecules proinflamatories i I'activacié de

neutrofils i macrofags, a més d'una pérdua de regulacié immune.

4. En la infeccié per SARS-CoV-2 es va observar un fort efecte de refor¢ de la memoria a
epitops conservats, perdo no vatiables, d'altres proteines d'espicula de betacoronavirus
estacionals. Aquest refor¢ de la memoria d'anticossos es correlaciona negativament amb la

inducci6 d'IgG i IgM contra la proteina d’espicula i nucleocapsida de SARS-CoV-2.

5. Les infeccions per SARS-CoV-2 promouen una resposta robusta d’anticossos a nivell de
les mucoses. Es va detectar un recordatori de memoria immune a epitops conservats de beta-

coronavirus al tracte respiratori superior.

6. El nostre model multivariant, basat en un perfil metabolomic, va demostrar una AUC
validada creuada de 0,82 amb una precisié del 72% per a la progressi6 cap a la gravetat en

pacients ingressats amb COVID-19 moderada.
Conclusions:

1. Els perfils transcriptomics dels supervivents i no supervivents a la pneumonia adquirida a
la comunitat mostren diferencies principalment relacionades amb la resposta a l'interferd-
alfa, l'apoptosi, les hormones sexuals, l'estres oxidatiu, la resposta de les proteines
desplegades i les vies d'angiogenesi. Els gens diferencialment expressats podrien ser

potencialment utils com a biomarcadors d’estratificacié de risc.

2. Els factors de l'hoste semblen ser més importants que els factors relacionats amb el
patogen per al desenvolupament d'esdeveniments cardiacs aguts en la pneumonia
pneumococcica. El complex clonal 230 sembla estar associat amb una incidéncia més alta
d'esdeveniments cardiacs aguts, el que podria tenir implicacions cliniques rellevants ja que
alguns serotips associats amb el CC230, com el 24F, no estan inclosos en les vacunes

actualment disponibles.

3. La sindrome de destret respiratori agut a la COVID-19 és causada per una resposta
inflamatoria desregulada i un augment de l'expressié de gens relacionats amb molécules
proinflamatories i I'activacié de neutrofils i macrofags en el moment de 'ingrés, a més de la

perdua de regulacié immune.
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4. L'empremta immunologica de les anteriors infeccions per coronavirus estacionals modula
el perfil d'anticossos a la infeccié per SARS-CoV-2, fet que pot influir en P'eficacia de la

resposta vacunal.

5. Els pacients amb COVID-19 generen una forta resposta d'anticossos a nivell de les
mucoses contra la proteina d'espicula de SARS-CoV-2 amb subtipus d'anticossos IgA
secretores especifiques (sIgA), IgA, IgG 1 IgM.

6. Els pacients que presenten malaltia per COVID-19 moderada pero amb un alt risc de
deteriorament exhibeixen una signatura metabolomica caracteristica, que es pot determinar

utilitzant plataformes basades en RMN per predir la progressié de la malaltia.
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1. Introduction

1.1. General introduction

1.1.1. The burden of community-acquired pneumonia

Community-acquired pneumonia (CAP) is a public health problem worldwide and continues

to be associated with high health costs, morbidity, and mortality.

According to the Lancet Global Burden of Disease, globally there were 488.9 million
incident cases of lower respiratory infections in 2019 with the number of disability-adjusted
life years of 97.2 million (1). Studies have shown that the incidence of CAP in Europe varies
by country and age. The incidence is highest in the first 1-4 years of age and then increases
again with age, being particularly high among older patients and those with comorbidities
(2). In Western Europe alone, 163 million incident cases were registered with a 10-fold rise
in certain subgroups, such as the elderly and patients with chronic obstructive pulmonary
disease (3). In Spain, incidence of hospitalisation rates for CAP increased from 142.4 in 2004
to 163.87 cases per 100 000 inhabitants in 2013 (4).

Furthermore, the real burden of CAP is likely underestimated as most estimates of
CAP incidence are obtained from national databases on hospitalised patients. It is estimated
that between 50% and 80% of CAP patients are treated as outpatients (5). An illustrative
example of this is a 3-year prospective, observational study of ambulatory CAP in adults,
conducted in 24 Spanish primary care centres between 2016-2019. This study found an
overall incidence rate of CAP of 652 per 100 000 inhabitants, with only 2.8% episodes
requiring hospitalisation (6). Importantly, one-third of patients had not fully recovered after
two weeks. Furthermore, over the coming years, the overall burden of CAP is likely to rise

as its incidence and the number of elderly people increase (7).

Unsurprisingly, therefore, the economic burden of CAP is high, with an estimated
yearly cost of €10.1 billion in Europe (8), and exceeding €14 billion in the United States alone
(9). Although the majority of attributable CAP expenditures occurs during the acute phase
and relates to inpatient care, the consequences of CAP are far reaching, as markers of
healthcare utilization, and 50% of the cost of CAP, extend well beyond the typical symptom
resolution of CAP (10).
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1.1.2 Aetiology of community-acquired pneumonia.

The microbiological aetiology of CAP varies according to its clinical presentation and
seasonal factors. Globally, it is estimated that in up to 50-60% of CAP cases, the exact cause
remains unidentified (11). Figure 1 shows the most commonly identified CAP causes. This
phenomenon can be attributed to various factors, including limited availability of adequate
respiratory samples, heterogeneous diagnostic efforts, and ongoing debate regarding the

clinical implications of etiological diagnosis in CAP (12).

Several bacteria and viruses are recognized as potential causative agents of CAP and
are categorized as primary respiratory pathogens. Streptococcus pnenmoniae remains the most
common bacterial cause, although its incidence appears to be declining in the USA (13),
apparently due to routine paediatric vaccination. However, the level of paediatric vaccination
uptake required to produce herd immunity in other age groups is currently unknown,
although data from the UK and US indicate substantial reductions in invasive pneumococcal
disease associated with universal childhood pneumococcal conjugate vaccine (PCV)
vaccination (14,15). Conversely, Europe continues to experience high pneumococcal
pneumonia rates, with a notable proportion of infections caused by serotypes included in
vaccine (16). Adult vaccination might change this picture as it offers moderate protection
against pneumococcal CAP. A Dutch clinical trial evaluating the efficacy of the PCV-13
vaccine in 84 496 adults reported an efficacy of 45.5% (17). However, it has to be noted that
replacement by non-vaccine serotypes has been observed following widespread vaccine
uptake (18,19). Most notably increases of serotypes 8, IN, 15A, 23B were noted in the United
States, Australia and several European countries (18). In Spain, for instance, there has been
an increase in serotype 19A of S. pneumoniae following the introduction of the pneumococcal
conjugate vaccine comprising 7 serotypes (19). Despite increased vaccine coverage, the
incidence of one of the most severe forms of pneumonia, characterized by invasive
(bacteraemic) pneumococcal disease, remains high, with 8.3 cases per 100,000 inhabitants in

Catalonia alone in 2022 (20).

Following S. pneumoniae, Haemophilus influenzae is the second most commonly
identified bacterial cause of pneumonia in most series (7 — 16% of cases). The incidence of
other notable bacteria such as Staphylococcus anrens (1- 10%) and Pseundomonas aeruginosa (0.8%

- 4.5%) varies across studies conducted in the United States and Europe (11,21,22).
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Less common pathogens should be considered in patients with specific risk factors,
such as travel history or animal exposure. Among the so-called "atypical" bacteria, recent
meta-analyses have identified Mycoplasma pneumoniae as the etiological agent in 4-11% of CAP
cases, Legionella pnenmophila in 3-8%, Chlanydophila pnenmoniae in 2-7%, and Coxiella burnetii in
<2% of cases (23,24).

Viruses are increasingly being recognized as causative agents in CAP, mostly due to
improved diagnostic technique, mostly based on nucleic acid amplification tests (NAATS).
Viral CAP aetiology accounted for 24.5% of cases, with rhinovirus responsible for
approximately 4.1 — 11.5% and influenza for 6.2 — 13.7% of cases (11,25). Respiratory

syncytial virus and human metapneumovirus were less common, followed by other viruses.

All prior studies investigating CAP aetiology, despite their best effort and NAATS,
continue to fail to identify a causative organism in approximate 50% of cases. This is mostly
due to the inability in obtaining a high-quality sputum. Furthermore, without a high-quality
sputum, there might be no way to distinguish upper airway colonization from pulmonary
infection, particularly with the use of NAATS. In this regard, microarray technology with
metagenomics RNA sequencing or metabolomics studies offers the possibility to identify
host transcriptional signatures, which can be used to differentiate viral, bacterial and non-

infectious respiratory illness (206).
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Figure 1. Aetiology of CAP among 2320 adults with radiographic confirmed pneumonia (11).
From Jain, Seema et al. “Community-Acquired Pneumonia Requiring Hospitalization among
U.S. Adults.” The New England journal of medicine vol. 373,5 (2015): 415-27.
doi:10.1056/NEJMoa1500245

1.1.3 Emergence of SARS-CoV-2.

In early December 2019 a surge of pneumonia cases of unknown origin were detected in
Wuhan, China (27). A novel RNA betacoronavirus was rapidly identified as the causative
microorganism (28). Coronaviruses are named as such because the S proteins resemble a

halo or corona on scanning electron microscope imagery (29).

As this novel betacoronavirus bared a high genetic sequence similarity to severe acute
respiratory syndrome coronavirus 1 (SARS-CoV-1), and produced a similar clinical
syndrome, it was named as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
The first two-thirds of the SARS-CoV-2 genome encode two large polypeptides, ppla/pplb,
which undergo auto-proteolytic processing to yield 16 non-structural proteins (30). The
remaining one-third of the SARS-CoV-2 genome codes for the structural proteins S (spike),

E (envelope), M (membrane), and N (nucleocapsid), as well as several open reading frames
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(ORFs), including 3a, 6, 7a, 7b, 8, 9b, and 10 (31). SARS-CoV, and SARS-CoV-2, infect cells
through the direct interaction between the receptor-binding domain (RBD), present on the
protein S1 subunit, and the angiotensin-converting enzyme 2 (ACE2) to infect cells (32).
See figure 2 for an illustration of the structural elements of SARS-CoV-2 and its genome

components.

SARS-CoV-2 belongs to a large family of viruses with the capacity to infect both
mammals and birds. Humans are susceptible to at least six other viruses from the alpha and
betacoronavirus genus (33). These viruses typically induce respiratory illness to varying
degrees. While SARS-CoV-1 and Middle East Respiratory Syndrome Coronavirus are highly
pathogenic betacoronaviruses responsible for zoonotic outbreaks in humans over the past
two decades (34,35), the alphacoronaviruses 229E and NLG63, as well as the
betacoronaviruses OC43 and HKU1, often lead to mild upper respiratory tract diseases and
have been circulating among humans as seasonal viruses (33,36). The syndrome caused by
the infection of SARS-CoV-2 was named as coronavirus disease 2019 (COVID-19). SARS-
CoV-2 can cause a different range of clinical manifestations, from asymptomatic to severe
respiratory syndrome (37) with more than 86.2% of patients admitted with COVID-19

presenting new-onset radiological lung abnormalities (38).

SARS-CoV-2 quickly started to generate sustained transmission in other countries
and caused the first documented pandemic of human coronavirus (HCoV) in history,
although all circulating coronaviruses must have emerged and spread pandemically in the era
prior to the recognition of viruses as human pathogens (39). The global spread of SARS-
CoV-2 was so extensive that the WHO declared COVID-19 a pandemic on March 11, 2020
(40).

Although the World Health Organization has by now declared an end to the global
Public Health Emergency for COVID-19 (41), it remains a public threat with tens of
thousands newly diagnosed cases each week and hospitalised patients (42). The emergence
of new variants of concerns and the antigenic evolution of SARS-COV-2, conferring
immune escape and reinfections (43), have triggered surges in COVID-19 hospitalisation
(44), even in populations with acquired immunity (45). The end of the Public Health

Emergency does not mean COVID-19 is over as a global threat.
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Figure 2. Structural elements of SARS-CoV-2. Including the spike protein, envelope,
membrane, and internal components such as the viral single-stranded RNA and nucleocapsid
proteins, above. SARS-CoV-2 genome components, below (30). From Jamison, David A Jr
et al. “A comprehensive SARS-CoV-2 and COVID-19 review, Part 1: Intracellular overdrive
for SARS-CoV-2 infection.” European journal of human genetics: EJHG vol. 30,8 (2022):
889-898. doi:10.1038/s41431-022-01108-8.

1.1.4. Mortality due to community-acquired pneumonia and SARS-CoV-2
pneumonia

In 1918, Sir William Osler observed that pneumonia had replaced tuberculosis as the leading

cause of death in Europe and described pneumonia as the “Captain of the men of death”(46).

More than one-century later, pneumonia remains one of the main causes of death.
According to data provided by the World Health Organization (WHO), lower respiratory
infections ranked as the fourth leading cause of death globally and stood out as the primary
infectious cause, contributing to 4.7% of all recorded deaths. Notably, within the WHO

European region, lower respiratory infections emerged as the sole infectious cause among
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the top 20 leading causes of death, demonstrating a crude death rate of 28.6 per 100,000
inhabitants (47).

Despite a decrease in short-term mortality among adult patients hospitalised with
CAP over recent years, about 10% of all patients continue to die (3,48,49), with this figure
rising to 28% in patients admitted to intensive care units (ICU) even when antibiotic
treatment is adequate (50). A rate that matches those of other known medical-emergency
diseases, such as ST-elevation myocardial infarction (51). Of note, CAP has a significantly
higher long-term mortality rate than many other conditions (52), occurring in nearly 1 in 4

adults one year after hospitalisation (3).

Mortality in CAP has been related to several factors with the host-pathogen
interaction playing a crucial role. Mortality varies according to the causative microorganism,
with higher fatality rates in pneumococcal CAP (53) —which remains the most frequent
actiology - and other less frequent pathogens such as P. aeruginosa or S. aurens (54). In this
regard, inappropriate initial treatment has a negative impact on survival (55). Other important
determining factors are age and underlying conditions (56) which have been related, even in

viral CAP, to the development of severe sepsis (57).

The emergence of SARS-CoV-2 as a new respiratory pathogen in an immunologically
naive world population dramatically increased pneumonia mortality. In the year 2020 SARS-
CoV-2 pneumonia was the third cause of death in the European Union, only behind
circulatory diseases and cancer, accounting for 8% of all deaths with a standardized death
rate of 89.3 per 100 000 inhabitants (58). Worldwide, the coronavirus disease 2019 pandemic
has caused more than 760 million confirmed cases and closely to 7 million deaths (40). As
staggering these numbers might be, the official statistics provide only a partial picture,
underestimating the true burden of mortality. Studies evaluating COVID-19 excess mortality
reveal a large gap between estimated excess mortality and reported COVID-19 deaths (59),
particularly in Asia and Africa. In addition, despite increased vaccine coverage and natural
immunity from previous infections, patients hospitalised with SARS-CoV-2 pneumonia
remain at a high risk for mortality, ranging from 15% to 5% during delta and late omicron

periods (60).
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1.2. Complications in community-acquired pneumonia and COVID-19.

Emphasis should be placed on the fact that CAP and SARS-CoV-2 infection is not a disease
confined to the lung parenchyma, but are highly dynamic systemic diseases. Relevant
complications of CAP include local progression of the disease in the lungs or pleural space,
with acute respiratory distress syndrome (ARDS) particularly frequent in COVID-19.
Furthermore, CAP and COVID-19 exert both direct and indirect effect on other organs
systems, such as the central nervous system, haematological, cardiac, renal, endocrine,
hepatic systems and others (61-66) . Of particular concern are cardiac events in CAP and
COVID-19. CAP and COVID-19 progression involves a complex host-pathogen
interaction, which is detailed further in this thesis. Additionally, CAP and COVID-19 can

lead to long-term consequences

1.2.1. Pulmonary and pleural complications

The majority of patients admitted to hospitals with CAP and COVID-19 experience a
favourable clinical evolution. Nevertheless, it is important to recognize that complications
are not uncommon. Up to 6% of patients with CAP present early failure, with progressive
pneumonia, pleural effusion/empyema and uncontrolled sepsis being the main causes (67).
Around 30% of hospitalised patients with CAP develop bilateral infiltrates (68), which

increases the risk of treatment failure.

Furthermore, the incidence of pleural space infections, after an increase in the first
decade of the 21th century (69,70), has remained stable in adults the last decade (71). The
development of complicated pleural effusion remains one of the most common cause of
treatment failure in CAP (67). The increased permeability of the mesothelial layer of the
inflamed pleura can allow the invasion of bacteria into the otherwise sterile pleural space
(70). While S. preumoniae used to be the main cause of pleural space infection, this has shifted
towards other microorganisms such as viridans streptococci group, . aureus, with anaerobic
microorganism present in up to 25% of cases (72). Notwithstanding the shift in
microbiology, more than 50% and 8% of patients hospitalised with pneumococcal
pneumonia, develop pleural effusion and empyema respectively (63). A minority of patients
develops necrotizing pneumonia. Pulmonary gangrene is more commonly seen with S. aureus

and gram-negative organisms like Klebsiella pneunmoniae and P. aernginosa (73,74). The
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production of several staphylococcal toxins have been described in the pathogenesis of

severe necrotizing pneumonia (75,70).

Local respiratory complications in hospitalised COVID-19 patients are almost always
related with the development of ARDS, precipating rapid deterioration culminating in severe
hypoxemic respiratory failure. COVID-19 ARDS is the most common complication in
hospitalised COVDID-19 patients, with an incidence hovering around 15%. This surge of
ARDS cases, due to the sheer number of infected individuals during the initial COVID-19
waves, overwhelmed ICU’s. Notably, COVID-19 induced ARDS carries an increased
mortality rate of approximately 28% (77). Traditionally, ARDS is characterised by lung
oedema resulting in reduced ventilated lung volume, an increase in shunt fraction and
diminished respiratory compliance (78). Eatly in the pandemic, distinction were drawn
between COVID-19 induced ARDS and “classical” ARDS with reports highlighting
particular high respiratory compliance, increased dead space fraction and specific vascular
injuries (79-81). However, recent data suggest a substantial similarity in pathophysiology of
COVID-19 induced ARDS to non-COVID-19 ARDS, although the increased endothelial
damage and microthrombi might be associated with a slightly higher pulmonary
vasoconstriction (82). A large metaanalysis involving 11 356 patients found no evidence
supporting distinct respiratory compliance clinical phenotypes with COVID-19 induced
ARDS (83). As such, specific ventilatory strategies in COVID-19 ARDS are not warranted
and should mirror those employed in non COVID-19 patients (82). Lung autopsy of
deceased COVID-19 patients also revealed severe endothelial injury and widespread
thrombosis, accompanied by microangiopathy, with capillary microthrombi nine times as
prevalent than in influenza (80). Pleural alterations are also observed in COVID-19 patients,
commonly presenting as localized pleural thickening and rectraction, while pleural effusion

is almost non-existent (84).

1.2.2. Systemic complications and cardiac events.

Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to
infection (85) and is relatively frequent in CAP. Approximately 6% of hospitalised CAP
patients present septic shock (68), this figure increases to 11% when the causative agent is S.
pnenmonia (53). A study analysing the host-pathogen related factors of septic shock in

pneumococcal pneumonia found that active smoking, chronic corticosteroid and serotype 3
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were independent risk factors (53). Additional extrapulmonary complications of CAP include

delirium and increased risk of dementia in the years following hospitalisation (86).

Numerous extrapulmonary complications were quickly reported among COVID-19
patients. Neurological complications are commonly encountered, with encephalopathy being
the most frequent, with an incidence ranging from 4.4% to 35%, followed by seizures,
ischemic and haemorrhagic stroke (87,88). Encephalopathy often presents alongside
headaches and appears unrelated to the severity of COVID-19 (87). Several comprehensive
studies investigating the pathophysiology of neurological complications in COVID-19 refute
the initial hypothesis of specific autoimmune neuronal injury. Instead they suggest the non-
specific effects, with a disturbed brain homeostasis, impaired blood-brain barrier and
vascular dysfunction, are the primary drivers of neurological complications (87,89). Acute
kidney injury rates among hospitalised COVID-19 was 36.6% in a multicentric cohort study
including 5449 patients. Acute kidney injury was primarily seen in those with COVID-19
related respiratory failure and is associated with a poor prognosis (90). Gastrointestinal
complications were also observed, although less frequently. In a multicentric UK population
based study, liver injury was detected in 7.4% of 73 197 hospitalised COVID-19 patients,
with a higher prevalence among those with pre-existing liver disease, while gastrointestinal
haemorrhage was recorded in only 1% (91). Another study examining abdominal CT imaging
of 224 patients revealed bowel-wall abnormalities in 31% of images, with pathological

findings in four patients indicating ischemic enteritis with patchy necrosis (92).

Of particular concern are cardiac events accompanying CAP (93-95) with an
incidence ranging from 8% to 32% (96-99). It is increasingly evident that the development
of acute cardiac events in patients with CAP is an independent predictor of adverse outcomes
[5,7]. Additionally, hospitalised patients with CAP face a twofold elevation in the long-term
risk for cardiovascular disease, new onset heart failure and mortality compared to the general
population (52,61,100,101). Numerous cohort studies focusing on the overall population of
all-cause CAP have identified certain host factors associated with the development of acute
cardiac events (96-99,102,103). Importantly, the development of life-threatening acute
cardiac events appears to be particularly frequent among patients with pneumococcal CAP
(96,104). In addition pneumococcal bacteraemia has been found to increase the risk of new
onset heart failure up to 10 years compared to controls (100). The invasive potential of §.

pnenmoniae into the myocardium, leading to cardiac injury through microlesion formation has
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been demonstrated (105-107). A strong correlation between bacteraemia and elevated levels
of cardiac troponin-L and cardiac damage has been observed (108,109). Pneumolysin, a key
virulence factor of S. pmeumoniae, mediates cardiac damage and impairs cardiomyocyte
contractile function (108,110). Antimicrobial treatment has been associated with cardiac
scarring as a result of collagen synthesis in damaged myocardium tissue, potentially
explaining the increased risk of long-term cardiac complications such as arrhythmias and left
ventricular dysfunction (105,106). A recent experimental study in mice suggested that cardiac
damage might depend on certain pneumococcal strains' ability to induce severe bacteraemia,
with lesion types potentially being strain-specific (109). Intriguingly, similar cardiac
microlesions devoid of bacteria were observed in heart samples from three rhesus macaques
infected with simian immunodeficiency virus who succumbed to pneumococcal pneumonia
despite antibiotic treatment, as well as in two out of nine humans who died from invasive

pneumococcal disease (100).

In addition, it was quickly noted that acute cardiac events frequently complicate
SARS-CoV-2 pneumonia, significantly affecting patient outcomes. Approximately 11.4% of
patients hospitalised with SARS-CoV-2 pneumonia experience acute cardiac events (111).
Moreover, the increased risk for cardiac complications can persist up to 1 year following
recovery from acute COVID-19 (112). Proposed mechanisms contributing to acute cardiac
events in SARS-CoV-2 pneumonia include cytokine storms, microthrombi or macrothrombi,
direct viral invasion, oxygen supply-demand imbalances, particularly among those with
underlying ischemic heart disease (113) and pro-atherogenic metabolic alterations (114,115).
Both SARS-CoV-2 infection and mRNA COVID-19 vaccination have been associated with
increased risk of myocarditis, with COVID-19 posing a notably higher risk compared to the
vaccine (116). Recent findings indicate that myocarditis associated with COVID-19 and
mRNA vaccines manifests different clinical and imaging characteristics, with evidence

suggesting the involvement of unique immunological mechanisms (117).

1.2.3 Long term complications of CAP and COVID-19.

Additionally, CAP can lead to long-term consequences. Although many patients typically
regain normal lung function within weeks to months after pneumonia, some may not fully
recover and face an elevated risk of developing lasting sequelae. The local inflammation may
lead to bronchiectasis (118,119) and bronchiolitis obliterans (120). In addition, in children,

bacterial pneumonia has been found to increase the risk of developing restrictive pulmonary
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disease (121) and asthma (122). CAP patients also present an increased risk of dementia and
cardiac events, such as new-onset arrhythmia and heart failure, in the years following

hospitalisation (86,100).

Furthermore, the long-terms effect on the lung of SARS-CoV-2 pneumonia have
been extensively studied. Functional and radiological pulmonary abnormalities in COVID-
19 survivors are prevalent, with one-third of hospitalised patients still exhibiting ground-glass
opacities and/or interstitial thickening, and fibrotic changes such as traction bronchiectasis
and parenchymal bands on chest CT scans at six months (123). Most evidence indicate that
these fibrotic-like changes result from severe COVID-19 and ARDS, with recent longitudinal
studies demonstrating an improvement in radiological abnormalities in the months following
the acute phase (124,125). Additionally, a small number continue to have a persistently
elevated risk of venothromboembolic disease (126). To date, there have been no studies
documenting progressive fibrosis due to SARS-CoV-2 (127). Moreover, many patients
continue to experience a wide range of long-term symptoms following the acute phase of
SARS-CoV-2 infection, now commonly referred to as “long-COVID”. Studies indicate that
up to 20% of patients are still symptomatic at 9 months, with fatigue (11%) and dyspnoea
(8%) being the most commonly reported (128). Additionally, a high prevalence of neurologic
and psychiatric symptoms has been observed, with depression, anxiety, and mood changes
being widely reported (129). Some patients also report persisting cognitive impairment,
including memory problems, attention deficit and sleep disorder (129,130). Female gender,
age, preexisting hypertension, cardiovascular disease, diabetes, chronic obstructive
pulmonary disease, smoking, obesity, chronic alcoholism, longer hospital stay, ICU
admission and multiple symptoms at onset, all increase the likelihood of long-COVID
(128,131). Furthermore, RN Aemia at admission is associated with a poorer quality of life and
the presence of more long-COVID symptoms at six months after hospital admission (132).
It is noteworthy, that the presence of post-infective fatigue and most neurologic and
psychiatric symptoms of long-COVID do not correlate with COVID-19 severity during the
acute phase (133). Unfortunately, the pathogenesis of long COVID-19 is largely unknown

and symptoms are usually resistant to treatment but may resolve over time (134).
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1.3. Host-Pathogen Interaction in community-acquired pneumonia

The host—pathogen interaction in CAP is complex involving a myriad of factors including
pathogen virulence, changes in microbiota composition, genetic predisposition, as well as
transcriptomic, proteomic and metabolomic alterations all acting synergistically in
modulating the inflaimmatory-immune response (135,136). Recent advancements in
genomics, transcriptomics, proteomics and metabolomics have ushered in an era of
integrated and comprehensive phenotype determination in living organisms, often referred
to as “the Omics revolution”. In Figure 3, the interconnectedness of various 'omics studies

are illustrated.

Omics revolution

Metabolomics
W System biology
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System medicine
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Figure 3. The “omics revolution”, the interconnectedness of various 'omics studies. An
integrated comprehensive “omics” approach combining genomics, transcriptomics,
proteomics and metabolomics, for advancement of systemic sciences and for human disease
diagnostics and treatment. Adapted from Nielsen, Jens, and Stephen Oliver. “The next wave
in metabolome analysis.” Trends in biotechnology vol. 23,11 (2005): 544-6.
doi:10.1016/j.tibtech.2005.08.005.
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1.3.1. Genetic predisposition

Genome-wide studies have been crucial in unravelling genetic predispositions for CAP,

COVID-19, and the progression to more severe clinical courses.

One such study conducted a genome-wide association analysis of lifetime self-
reported pneumonia diagnosis using participants obtained by 23andMe, Inc. revealing a
significant signal in the major histocompatibility complex region on chromosome six (137).
Furthermore, recently investigators uncovered additional association signals for lifetime
pneumonia susceptibility outside of the major histocompatibility complex region, implicating
genes such as TNFRSF1A, ILOR, and MUC5AC (138). MUC5AC is a Protein Coding Gene
whose transcription results in a gel-forming glycoprotein of respiratory and gastric tract
epithelia that protects the mucosa from infection and chemical damage by binding to inhaled
microorganisms (139,140). Another study identified 18 genes across chromosomes 15, 16
and 9, including 11127, PBX3, ApoB receptor (APOBR) and smoking related genes
CHRNA3/5, which were associated with pneumonia susceptibility (141).

Numerous genome-wide association studies have been conducted to elucidate
COVID-19 susceptibility and severity (142). These studies identified certain regions, such as
3p21.31, and blood group A, related to SARS-CoV-2 pneumonia severity (143-145).
Notably, the 3p21.31 locus, a complex genomic region rich in genes, stands out as the most
significant. Within this loci, the SLC6A20 gene, responsible for encoding a sodium amino-
acid transporter, has been proposed as a key determinant of infection susceptibility due to
its functional interaction with the SARS-CoV-2 receptor ACE2 (146). Moreover, the leucine
zipper transcription factor-like 1 (LZTFL1) gene located in this region influences the viral
response pathway known as epithelial-mesenchymal transition in lung epithelial cells (147).
Additionally, the 3p21.31 region also harbours a number of chemokine receptor genes.
Several underlying mechanisms could explain the association of blood group A with SARS-
CoV-2 infection susceptibility and severity. These include a hypothesized protective effect
of ABO antibodies against viral infections (148), the potential role of ABO(H) antigens in
facilitating viral entry into host cells, with antigen A maximizing the interaction of SARS-
CoV-2 with the target cells (149), and the observed association between non-O blood types
and an elevated risk of thromboembolic events (150). Furthermore, several ACE2
polymorphisms, which enhance RBD and ACE2 interaction, have been linked to

predisposition to severity (145). Moreover, these genome-wide studies have also unveiled
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rare genetic variant such as inborn errors of type 1 INF that correlated with increased severity

and susceptibility to COVID-19 (151).

1.3.2. Microbiota, immunity and inflammation.

The lung should no longer be viewed as a sterile organ, as it harbours a diverse microbiota
crucial for maintaining immunologic balance within the airways, thereby influencing
pneumonia susceptibility (152—-154). An imbalance in the lower airway microbiota, often
termed “unhealthy” may favour inflammation and create a favourable environment for
pathogen proliferation by increasing alveolar nutrients, leading to the dominance of harmful

microorganisms (155).

However, the respiratory tract boasts a multitude of interconnected defence systems,
categorized into innate and adaptive immunity, which serve to safeguard against microbial
invasion. Neutrophils form the frontline of the innate immune response combating
pathogens in the lower airways, with various adhesion molecules involved in their migration
to the bronchial epithelium during CAP (156). Activated neutrophils unleash reactive oxygen
species and granular enzymes, engage in phagocytosis, and deploy extracellular structures
known as neutrophil extracellular traps to ensnare and kill microorganisms(157). Elevated
markers of neutrophil extracellular traps have been correlated with higher mortality,
prolonged time to clinical stability, and increased hospital stays in CAP (158). Furthermore,
the host—pathogen interaction triggers remodelling of the pulmonary transcriptome,
orchestrating the release of several cytokines, chemokines, growth factors, opsonins,
enzymes, adhesion molecules, receptors, apoptotic, and anti-apoptotic factors (135). This
complex response sets forth a proinflammatory cascade, culminating not only in local tissue
damage, such as respiratory distress (159), but also systemic manifestations, including septic
shock (160) and coagulation disorders. Elevated circulating levels of TNF-a, IL-1ra, and 1L
6 in particular have been linked with higher mortality and worse outcomes (159,161).
Additionally, IL-1 mediated inflammation triggers the endocrine—adrenal axis, precipitating
relative adrenal insufficiency in severe CAP and sepsis patients (162). This
hyperinflammatory state predisposes individuals to the development of acute cardiac events,
a common complication of CAP (93-95). Furthermore, the procoagulant state observed in
CAP, characterized by in vivo platelet activation and thromboxane B2 production, increases
the risk of myocardial infarction (163). Platelet activation is further enhanced through

lipopolysaccharide-mediated NOX2 activation (164), which has been associated with
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arrhythmias development (165). Conversely, high concentrations of regulatory cytokines
crucial for lymphocyte survival and homeostasis, such as IL-7, correlate with improved

outcomes (166).

Regarding the immune and inflammatory response to SARS-CoV-2 infection, it was
found that an early adaptive immune response with a rapid production of bystanders CD8 T
cells and plasmablasts with almost no systemic inflimmation appears to take place in
asymptomatic patients or those with mild disease [4]. In contrast, progression to severe illness
with acute respiratory distress is accompanied by a proinflammatory immune dysregulation
featuring a robust type 2 response [5,6]. Additionally, activated monocytes and macrophages
migrate to the lungs via chemotaxis, intensifying lung inflammation leading to pulmonary
fibrosis (167). Severe COVID-19 is further distinguished by an inflammatory profile. This
entails an initial evasion of the immune system through downregulation of Type I Interferon
pathways along with significant upregulation of IL-6, I.-8 and TNF-« in the lungs that
coincides with increased NF-»B activity (168,169).

Nonetheless, for many patients, a weakened inflammatory response, termed “sepsis-
induced immunoparalysis”, predominates as the primary immune dysfunction contributing
to poor outcomes in CAP. Notably, lymphopenia stands out as an independent predictor of
mortality among hospitalised CAP patients (170). Additionally, alterations in humoral
response, such as decreased serum IgG2 concentrations, have been linked to increased ICU
admission and mortality rates (170). In the context of influenza pneumonia, a state of sepsis
induced immunosuppression often prevails. It has been found that low levels of the
proinflammatory I11.-17 correlated with a higher risk of death in severe influenza pneumonia
(171). This sepsis induced immunosuppression elevates the risk of secondary infections like
aspergillosis, particularly in patients requiring ICU admission and concurrent corticosteroid
therapy (172). Similarly in SARS-CoV-2 pneumonia, approximately 18-19% of patients with
critical COVID-19 develop COVID-19-associated aspergillosis (173,174).

The understanding of the inflammatory response in CAP and SARS-CoV-2
pneumonia has led to clinical trials evaluating immunomodulatory treatments, focused
almost exclusively on anti-inflammatory therapies. Several studies have been performed with
corticosteroids,  tocilizumab, macrolides, statins, N-acetylcysteine, vitamin C,

immunoglobulin, and other molecules, as well as targeting the coagulation pathways, as
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adjuvant therapies in CAP and SARS-CoV-2. Figure 4 shows in a schematic the conceptual

model of the different factors and interventions tested.

It is crucial to acknowledge that due to the compartmentalization of the immune
response, inflammatory markers measured in the bloodstream may not fully represent the
overall immune status. Local immune responses are expected to be induced in the respiratory
tract upon infection (175). Within the mucosal compartment, humoral responses are
primarily characterized by the production of secretory IgA (sIgA) antibodies (176,177). These
antibodies undergo a complex multi-step process, beginning with dimeric IgA antibodies
secreted by local plasma cells. Subsequently, this complex migrates to the mucosal lumen,
where proteolytic cleavage occurs, resulting in the attachment of dimeric IgA to the secretory
component. This secretory component, a hallmark of sIgA, shields the complex from
proteolysis. Notably, mucosal sIgA and IgA antibodies act as the first line of defence
(178,179) against respiratory pathogens like the influenza virus (180,181), effectively
impeding infection. Similarly, studies have documented the presence of virus-specific IgG

and IgA in the saliva and nasal secretions of individuals with COVID-19 (182,183).

However, our understanding of the specific local immune response in mucosal
surfaces following S. prenmonia, H. influenzae, influenza and SARS-CoV-2 infection remains

limited.
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1.3.3. Immune imprinting

The establishment of immunologic memory to viral pathogens is a fundamental feature of
the adaptive immune system, enabling more robust and rapid immune responses upon
subsequent re-infection (184,185). Viral pathogens continually undergo mutations in their
surface antigens. Those mutations in epitopes, allowing evasion from antibodies generated
in response to previous exposures to closely related epitopes, confer selective advantage to
new viral strains. The concept of immune imprinting, also known as original antigenic sin,
describes the tendency of the immune system to recall existing memory cells rather than
eliciting de novo responses when encountering a novel but closely related antigen or epitope

(186).

This phenomenon has been extensively observed, particularly in influenza virus,
where subsequent infections with antigenically related strains trigger a recall response or
'back-boosting.' This leads to an increase in antibody titers toward epitopes shared between
the current and previously encountered strains (187-189). Boost of cross-reactive antibody
responses can also occur for viruses like dengue, where secondary infections with a different
serotype result in higher titers specific to the original virus compared to the second infecting

serotype (190,191).

Immune imprinting has lifelong effects, previous research has demonstrated that
childhood immune imprinting to influenza A influences birth-specific risk during seasonal
H1NT1 and H3N2 epidemics (192). Although initially unclear, it has now been well established
that immunological imprinting also occurs with SARS-CoV-2, with other related

betacoronavirus and with different variants of concerns (193).

Understanding immunological imprinting holds crucial implications for influenza
vaccine effectiveness (186,194). Additionally, this phenomenon can hinder the development
and efficacy of vaccines against new variants of concern of SARS-CoV-2, such as the

omicron variant (195).
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1.3.4. Host transcriptomic response

Transcriptomics is the study of the 'transcriptome,’ a concept widely recognized as the
comprehensive ensemble of all ribonucleic acid (RNA) molecules, known as transcripts,

expressed within a given entity, be it a cell, tissue, or organism(190).

Following transcription, human precursor RNAs undergo further processing and
splicing to attain their mature forms. These mature messenger RNA transcripts encompass
various elements, including 5' and 3' untranslated regions (UTRs), alongside the coding
region that dictates protein translation. Among these transcripts are transfer RNA, ribosomal
RNA, small nuclear RNA, small nucleolar RNA, short interfering RNA, micro RNA, long
non-coding RNA and pseudogenes, all contributing to a diverse array of cellular functions
(197). In contrast to the relatively stable DNA molecule, which primarily serves as a
repository of genetic information across cell lineages, RNA exhibits a dual role as both a
carrier of information and a catalyst. RNA displays dynamism, with its synthesis and
degradation subject to regulation by various factors, thus contributing significantly to cellular
dynamics. It is believed that an ancient RNA world preceded the contemporary genetic

system, where DNA serves as the primary repository of hereditary information (198).

In this regard, the information derived from gene expression (transcriptomic) studies
may help to a better understand of the complexity of immune response, identification of
novel candidate pathways and targets for potential intervention, discovery of novel candidate
diagnostic and stratification biomarkers, and the ability to stratify patients into clinically

relevant, expression-based subclasses.

Recent transcriptomic studies in CAP patients found evidence of mitochondrial
dysfunction, with a reduced expression of genes involved in oxidative phosphorylation in
non-surviving CAP patients. (199,200). Furthermore, enrichment of aminoacyl-transfer
RNA and genes related to hydrogen peroxide were downregulated in patients who died
(200). In addition, Toll-like receptor and interferon cascades were down-regulated in septic

CAP patients compared to controls (199).

Moreover, transcriptomic studies in severe CAP found more evidence of a subgroup
of patients presenting “sepsis-induced immunoparalysis”. A gene expression profile (sepsis

response signature, SRS1) associated with T-cell exhaustion, HLA class II downregulation
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and endotoxin tolerance, thus reflecting an immunosuppressed state, was found in 41% (108
subjects) of patients with severe CAP. This specific transcriptomic signature predicted worse
outcomes (201). Another transcriptomic study in CAP found that impaired expression of
genes in the blood related with antigen presentation, B-cell development, T-helper cell
differentiation, apoptosis, granzyme B signalling was associated with persistence of viral

secretion and a more severe disease course (202).

Following the onset of COVID-19, there has been a surge in transcriptomic studies.
While numerous studies have focused on analysing single-cell RNA extracted from
peripheral mononuclear cells (203), only a handful have been performed on total RNA from
whole blood. Among these, some studies identified transcriptomic signatures capable of
distinguishing SARS-CoV-2 infection from influenza (204) and other viral respiratory
pathogens (205). Concurrently, other studies pinpointed the transcriptomic signature of
SARS-CoV-2 infection by comparing asymptomatic with symptomatic patients (206,207). In
exploring whole blood transcriptomic profiles across varying clinical statuses, researchers
have observed that more severe cases tend to exhibit upregulated expression of genes
primarily associated with neutrophil activation (204,208-211), myeloid cells (210), 112, 116,
IL8, protein autophagy, protein polyubiquitination (209), TNF-«, and glycolysis (208).
Conversely, genes linked to T-cell activation were down-regulated in more severe SARS-
CoV-2 pneumonia (204,209,210,212). Upon bulk analysis of whole blood cell transcriptomes
of severe COVID-19 patients compared to non-critically il COVID-19 patients,
upregulation of interferon alpha emerged as a primary contributor to severe COVID-19
(167). However, the picture regarding interferon-y (IFN- y) gene expression is less
straightforward. While two studies found an enrichment (208,210), another observed a

down-regulation of IFN-y related genes (209).

A significant limitation of many COVID-19 transcriptomic studies performed to date
lies in their reliance on a single time point per patient (204,205,209,210,212), thereby
overlooking the dynamic nature of the disease. Furthermore, several investigations observed
heterogeneity in the transcriptomic profiles among the more severe groups of hospitalised

COVID-19 patients (208,211,212).
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1.3.5. Host metabolomics and proteomic response

Proteins and metabolites represent the end products of cellular regulatory processes,
reflecting the ultimate response of biological systems to genetic or environmental changes
(213). The collective set of metabolites synthesized by a biological system constitute its
'metabolome’. Metabolomics involves the comprehensive and simultaneous systematic
profiling of multiple metabolite concentrations and their cellular and systemic fluctuations.
This approach allows for the study of responses to various stimuli such as drugs, diet,
lifestyle, environment, infections and genetic modulations, aiming to characterize both the
beneficial and adverse effects of such interactions (214). Several metabolomics analytical
platforms are available, with mass spectrometry (usually coupled with a chromatographic
separation step) and nuclear magnetic resonance (NMR) spectroscopy being the most widely
employed (215). Each technique has distinct advantages and drawbacks. NMR spectroscopy
stands out due to its rapid, highly accurate, non-destructive, and quantitative features
(216,217). However, it exhibits lower sensitivity, a larger peak can mask lower concentrations

of potentially important compounds, which, thus cannot be identified (218).

Some proteomic and metabolomic studies recently have been conducted to provide
a comprehensive understanding of the cellular physiology of CAP (219-223). These studies
described the metabolites and molecules involved in inflammation, coagulation, oxidative
stress, lipid metabolism, and complement activation. For instance, a cohort of 240 patients
with CAP, proteome and metabolome signatures associated with severity and specific organ
dysfunctions were identified, correlating with the Sequential Organ Failure Assessment
(SOFA) score (219). Notably, low levels of circulating phosphatidylcholine (PC) and
sphingolipid concentrations were found to correlate with severe CAP (219). Furthermore,
alterations in lipoprotein profile characterized CAP patients, with reduced levels of high-
density lipoprotein (HDL), phospholipids and apolipoproteins like A-II and D (223,224).
Additionally, alterations in amino acids, including decreased tryptophan and elevated
kynurenine, were observed in severe CAP, reflecting immune dysregulation (225-227).

Other studies have explored differences in lower airway lipid compositions based on
the intensity of the inflammatory response (220), as well as the ability of metabolomics
profiles to discriminate between severe and non-severe CAP (221).

In contrast to the relative paucity of proteomic and metabolomic studies in CAP,

there has been a surge of such studies in SARS-CoV-2 pneumonia. Similar to transcriptomic
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studies, the emergence of COVID-19 has led to an explosion in proteomic and metabolomic

research.

Numerous studies have investigated the metabolic alterations associated with
COVID-19 (115,225-239), with a focus on discriminating between SARS-CoV-2 infected
patients and non-infected individuals. Among SARS-CoV-2 infected patients, significant
alterations have been observed, including remodelling of glycerophospholipid metabolism
(115,234,235), enriched purine metabolism (234,237), changes in lipoprotein distribution
marked by elevated of very-low-density lipoprotein (VLLDL) and triglycerides (228,238,239),
and dysregulation in glycolysis (228). Moreover, increased COVID-19 severity has been
associated with disruptions in mitochondrial activity (229,230,238), altered fatty acid
oxidation (229), reduced amino-acids reflecting a catabolic state (230-232,238), impaired
cholesterol homeostasis (115,233,234,238) and again, a decline in tryptophan reflecting
immune dysregulation (225-227). Additionally, low levels of circulating lysoPCs and PCs
have been directly associated with COVID-19 severity (226,229,232 234). Some studies have
aimed to identify a metabolomic signature capable of predicting COVID-19 progression
(225,226,235). However, most of the included patients in these studies had already
progressed to critical states when their blood samples were collected, with the metabolomic
profile correlating COVID-19 severity rather than disease progression risk. However, to date,
only one NMR-based study involving a cohort of 36 patients has explored a prognostic

metabolomic profile for mortality (240).

Proteomic and metabolomic studies provide invaluable insights into the
pathophysiology of pneumonia, including CAP and SARS-CoV-2 pneumonia. These studies
have identified key metabolic alterations associated with disease severity and progression,
highlighting the potential for targeted therapeutic interventions and prognostic biomarker

discovery.

1.3.6. Pathogen related factors

As mentioned before, the severity and clinical manifestations of CAP are influenced by the
virulence factors possessed by the causative pathogens, which enable them to colonize,

evade host defences, and cause tissue damage.
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3.6.1. Bacterial pathogen virulence factors

As previously mentioned, S. pneumoniae, H. influenzae, S. aurens and atypical bacteria such as
M. pneumoniae and L. pneumonophila are among the frequent bacterial microorganism causing

CAP.

S. pnenmoniae colonises the nasopharynx in asymptomatic carriers, spreading primarily
through close contact (241), but also via fomites (242) to other individuals. Coinfection
during viral infections can further facilitate increased host colonisation (243) with an elevated
bacterial load (244). S. pnenmoniae hosts an array of virulence factors crucial for pathogenesis
(245). Notably, pneumolysin, a pore-forming cytolytic toxin binging to cholesterol-
containing membranes stands as a key virulence determinant (246,247). Recent evidence
highlights the strain dependent effect of pneumolysin on macrophage function, emphasizing
the significance of other genetic background components (248). Moreover, pneumolysin has
been implicated in mediating cardiac damage, impairing cardiomyocyte contractile function
(108,110), and promoting biofilm formation (249). The pneumococcal surface protein A
(PspA) interferes with the fixation of complement component C3, inhibiting complement
mediated opsonisation (250), while pneumococcal surface protein C (PspC) hampers the
function of secretory IgA (251). The pneumococcal polysaccharide capsule is crucial for
pneumococcal virulence, possessing strong anti-phagocytic capabilities, and reducing snaring
in neutrophil extracellular traps (252). The virulence of . pmeumoniae is closely linked to the
capsule thickness in specific strains and serotypes (253). Distinct serotypes exhibit varying
disease-causing capacities, with serotype 3, for instance, identified as an independent risk
factor for septic shock in pneumococcal pneumonia (53). Serotype 3 and 9n have also been

associated with cardiac events in invasive pneumococcal disease (254).

H. influenzae adheres to respiratory epithelial cells' extracellular matrix proteins via
several adhesins, notably protein E, F, and outer membrane protein P4 (255,256). H. influenza
strains strongly rely on the presence of their capsule for their survival in the presence of
complement. During host colonisation, H. influengae forms aggregates of hosts cells and live
and dead bacteria on the mucosal surface, shielding itself from the host immune system (257).
Extracellular DNA, such as DNABII, is critical for these aggregates integrity (258).
Additionally, lipoprotein H, helps decreasing complement mediated killing (259).

S. aurens produces several toxins implicated in severe necrotizing pneumonia

pathogenesis (75,76).
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Atypical pathogens like M. pnenmoniae encodes various virulence factors, including
adhesins, glycolipids, toxic metabolites, community-acquired respiratory distress syndrome
toxin, and capsular polysaccharides (260). Lacking a cell wall, M. pneumoniae adheres to the
respiratory epithelial cells via a specific attachment organelle (protruding at one end of its
cell) (261). The community-acquired respiratory distress syndrome toxin exhibits high
binding affinity to surfactant protein A and annexin A2 (262) and is cytotoxic to mammalian
cells (263). Furthermore, a nuclease encoded by MPN491, degrades neutrophil extracellular
traps aiding the pathogen in evading host immune attack (264). L. pneumophila employs a
Dot/Iem type IV secretion system to enable intracellular bactetial replication and subsequent

disease (265).

3.6.2. Viral pathogen virulence factors

To initiate infection, viruses must first attach to the surface of host cell, binding to one or
more cellular receptors. Subsequently, they need to gain access to the cytosol, very often
requiring reaching a specific subcellular location to commence viral replication (266). Viral
replication typically occurs within structures known as viroplasm (or viral factories) where
nucleic acids and specific viral and cellular proteins accumulate. However, some viruses, such
as influenza and coronaviruses rely on the endoplasmic reticulum, Golgi apparatus, and
exocytic pathways for the maturation and folding of their proteins (267). Various viruses,
including rhinoviruses, respiratory syncytial virus, adenovirus, influenza and coronaviruses
such as SARS-CoV-2, can cause viral pneumonia. These viruses employ diverse strategies to

infect respiratory epithelial cells and evade host immune responses.

For instance, hemagglutinin, found on the surface of influenza viruses, serves as both
an attachment factor and membrane fusion protein, playing a key role in virulence (268).
Mutations of hemagglutinin can expand tissue tropism, enhance host receptor biding and
optimize membrane fusion (269,270). Similarly, mutations in influenza polymerase proteins
can increase viral replication and the production of viral particles (271). The viral NS1 protein

is crucial for overcoming host antiviral immunity (272).

Respiratory syncytial virus primarily enters cells through attachment of the G

glycoprotein to various human surface proteins, including heparan sulphate proteoglycans,
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CX3C chemokine receptor, EGFR, IGF1R, and ICAM-1 (273). Two non-structural proteins
of respiratory syncytial virus NS1 and NS2 aide in immune evasion by antagonizing
interferon (274).

SARS-CoV-2, akin to SARS-CoV-1, enters airway cells by binding its S protein to the
ACE2 receptor. Mutations in the S-gene, such as the one that occurred with the alpha variant,
that also led to the S gene dropout in the NAATSs tests used for diagnosis, can increase
infectivity (275). Variants of concerns such as, Alpha, Delta and Omicron all carry mutations
that further enhance binding, with the mutation N501Y in the receptor binding domain being
a notable example (276). Moreover, a furin cleavage site within the S protein essential for
enabling membrane fusion, contributes significantly to the high transmission rates of SARS-
CoV-2 (277). Further optimization of the furin cleavage site during the pandemic has led to
enhanced furin cleavage of the Alpha and Delta spike proteins, associated with increased
transmission effectiveness (278). Virulence of SARS-CoV-2 variants is also influenced by
tissue or organ tropism. For example, the Omicron BA.1 variant shows a preference for
efficient replication in the nasopharynx, unlike the ancestral virus, which primarily infected

bronchial and lung cells, thus leading to increased transmissibility but milder infections (279).
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2. Hypothesis
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Hypothesis

1. The whole blood transcriptome of hospitalised CAP patients exhibits distinctive patterns
between survivors and non-survivors, serving as a valuable prognostic biomarker.

2. 8. pneumoniae serotypes and clonal complexes are a key determinant in the development of
acute cardiac events in CAP.

3. Hospitalised adults with COVID-19 who progress to severe disease manifest a unique
transcriptomic profile in whole blood compared to those with moderate symptoms.

4. Prior infections with other human coronaviruses influence the nature of the antibody
response against severe acute respiratory syndrome coronavirus 2.

5. SARS-CoV-2 infection induces a robust local mucosal humoral immunity, a process
influenced by previous exposure to other human coronaviruses.

6. A distinct metabolomic signature is present in hospitalised COVID-19 patients with
initially moderate symptoms who subsequently deteriorate to severe disease. This signature
is useful for assessing the risk of disease progression.
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3. Objectives
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Objectives

1. To analyse the difference in gene expression profile (transcriptomics) in whole blood
between survivors and non-survivor CAP patients in order to identify pathophysiological
pathways and prognostic biomarkers.

2. To delineate the host-pathogen related risk factors for the development of acute cardiac
events in pneumococcal pneumonia.

3. To determine the dynamic difference in gene expression profile (transcriptomic) in whole
blood between severe and moderate hospitalised COVID-19 patients in order to broaden
our understanding of the heterogeneity in clinical outcome.

4. To identify the dynamic antibody responses characterizing de novo antibody responses
against SARS-CoV-2. To characterize pre-existing immunity against selected endemic
coronavirus being targeted by the humoral immune system to investigate the role of
immunological imprinting on COVID-19 patients’ antibody response.

5. To characterized the early mucosal antibody response and immunoglobulin repertoire
against SARS-CoV-2 and seasonal HCoV-OC43 § proteins in nasopharyngeal swabs of
COVID-19 patients.

0. To determine the metabolomic alteration of severe COVID-19 and to develop a predictive
model based on a metabolomics signature able to predict disease progression.
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4. Material, methods and results

71



72



Study 1

Whole-Blood Gene Expression Profiles Associated with
Mortality in Community-Acquired Pneumonia.

Viasus, D. E, Simonetti, A. F., Nonell, L., Vidal, O., Meije, Y.,
Ortega, L., Arnal, M., Bédalo-Torruella, M., Sierra, M., Rombauts,
A., Abelenda-Alonso, G., Blanchart, G., Gudiol, C., & Carratala, J.

Biomedicines, 2023, 11(2), 429.

Impact factor: 4.7 (1% quartile)

73



74



' [ ] [ ] [ ]
W' hiomedicines
[=]==]=]

Article

Whole-Blood Gene Expression Profiles Associated with
Mortality in Community-Acquired Pneumonia

Diego Viasus 1'*(0, Antonella F. Simonetti 23(), Lara Nonell 4, Oscar Vidal 1, Yolanda Meije 5, Lucia Ortega 5,
Magdalena Arnal 4, Marta Bédalo-Torruella 400, Montserrat Sierra ¢, Alexander Rombauts 7,
Gabriela Abelenda-Alonso 7, Gemma Blanchart 8, Carlota Gudiol 7% and Jordi Carratala 37-°

check for
updates

Citation: Viasus, D.; Simonetti, A.F,;
Nonell, L.; Vidal, O.; Meije, Y.; Ortega,
L.; Arnal, M.; Bédalo-Torruella, M.;
Sierra, M.; Rombauts, A.; et al.
Whole-Blood Gene Expression
Profiles Associated with Mortality in
Community-Acquired Pneumonia.
Biomedicines 2023, 11, 429.
https://doi.org/10.3390/
biomedicines11020429

Academic Editor: Francesco B. Blasi

Received: 5 December 2022
Revised: 25 January 2023
Accepted: 27 January 2023
Published: 1 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Medicine, Division of Health Sciences, Universidad del Norte and Hospital Universidad del

Norte, Barranquilla 081001, Colombia

Department of Internal Medicine, Consorci Sanitari Alt Penedes-Garraf, 08720 Sant Pere de Ribes, Spain

3 Centro de Investigacién Biomédica en Red de Enfermedades Infecciosas (CIBERINFEC), Institulo de Salud
Carlos I1I, 28029 Madrid, Spain

4 MARGenomics, Hospital del Mar Medical Research Institute (IMIM), 08003 Barcelona, Spain

Unit of Infectious Disease, Department of Internal Medicine, Hospital de Barcelona—Societat Cooperativa

d’Instal-lacions Assistencials Sanitaries (SCIAS), 08029 Barcelona, Spain

Microbiology Unit, Department of Clinical Laboratory, Hospital de Barcelona—Societat Cooperativa

d’Instal-lacions Assistencials Sanitaries (SCIAS), 08029 Barcelona, Spain

Department of Infectious Diseases, Bellvitge University Hospital—Bellvitge Biomedical Research

Institute (IDIBELL), 08907 Barcelona, Spain

8 Cardiovascular Risk and Nutrition Research Group, Hospital del Mar Medical Research Institute (IMIM),

08003 Barcelona, Spain

Department of Clinical Sciences, University of Barcelona, 08907 Barcelona, Spain

*  Correspondence: dviasus@uninorte.edu.co

Abstract: (1) Background: Information regarding gene expression profiles and the prognosis of
community-acquired pneumonia (CAP) is scarce. We aimed to examine the differences in the gene
expression profiles in peripheral blood at hospital admission between patients with CAP who died
during hospitalization and those who survived. (2) Methods: This is a multicenter study of non-
immunosuppressed adult patients who required hospitalization for CAP. Whole blood samples
were obtained within 24 h of admission for genome-expression-profile analysis. Gene expression
profiling identified both differentially expressed genes and enriched gene sets. (3) Results: A total
of 198 samples from adult patients who required hospitalization for CAP were processed, of which
13 were from patients who died. Comparison of gene expression between patients who died and
those who survived yielded 49 differentially expressed genes, 36 of which were upregulated and
13 downregulated. Gene set enrichment analysis (GSEA) identified four positively enriched gene sets
in survivors, mainly associated with the interferon-alpha response, apoptosis, and sex hormone path-
ways. Similarly, GSEA identified seven positively enriched gene sets, associated with the oxidative
stress, endoplasmic reticulum stress, oxidative phosphorylation, and angiogenesis pathways, in the
patients who died. Protein—protein-interaction-network analysis identified FOS, CDC42, SLC26A10,
EIF4G2, CCND3, ASXL1, UBE2S, and AURKA as the main gene hubs. (4) Conclusions: We found
differences in gene expression profiles at hospital admission between CAP patients who died and
those who survived. Our findings may help to identify novel candidate pathways and targets for
potential intervention and biomarkers for risk stratification.

Keywords: community-acquired pneumonia; mortality; gene expression profile; gene set enrichment
analysis

1. Introduction

Community-acquired pneumonia (CAP) is a public health problem worldwide and
continues to be associated with high health costs, morbidity, and mortality. Over the
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coming years, the overall burden of CAP is likely to rise as its incidence and the number of
elderly people increase [1]. Recent studies have found overall mortality rates of 5% to 15%
among hospitalized patients with CAP, and mortality in the subset of patients who require
intensive care unit (ICU) admission may be as high as 30%: a rate that matches those of
other known medical-emergency diseases, such as ST-elevation myocardial infarction [2].
Most cases of CAP occur when its organisms translocate from the nasopharynx to the
lungs. Infection takes place when there has been exposure to a large inoculum or a virulent
microorganism and/or the host defenses are impaired.

Studies have stressed the importance of host features in the prognosis of CAP, includ-
ing inflammatory response, susceptibility to specific pathogens, genome, and metabolic
condition [3]. In this regard, the information derived from gene expression studies may
broaden our understanding of the complexity of the immune response via identification
of novel candidate pathways and targets for potential intervention, discovery of novel
candidate diagnostic and stratification biomarkers, and our increased ability to categorize
patients into clinically relevant expression-based subclasses. At present, however, informa-
tion regarding the gene expression profile in CAP is scarce; most published studies have
been performed in animal models or focused on patients with sepsis in ICU or patients
with specific etiologies, such as pneumococcal pneumonia [4-6].

In the present study, we comprehensively examined differences in gene expression
profiles in peripheral blood at hospital admission between CAP patients who subsequently
died and those who survived in order to identify genes and related pathways that not only
provide information about pathophysiology but may also serve as prognostic biomarkers.

2. Materials and Methods

This study was conducted at two university hospitals for adults in Barcelona, Spain.
Nonimmunosuppressed adult patients who required hospital admission for CAP from
May 2015 through January 2017 were prospectively recruited and followed up on. All
patients included in this study were enrolled within 24 h of hospital admission. This study
was approved by the Ethics Committee of the Bellvitge University Hospital (approval code:
PR158/14; 6 November 2014). The relevant data and protocols comply with the minimum
information about a microarray experiment (MIAME) guidelines [7].

Patients were classified as having CAP if they had an infiltrate on a chest radiograph
plus acute illness associated with two or more of the following signs and symptoms: a
new cough with or without sputum production, pleuritic chest pain, dyspnea, fever or
hypothermia, altered breath sounds on auscultation, or leukocytosis or leukopenia. Patients
were seen by the clinical investigators, who recorded data in a computer-assisted protocol,
daily during their hospital stays. Demographic characteristics, comorbidities, causative
organisms, antibiotic susceptibilities, biochemical analysis, empirical antibiotic therapy, and
outcomes were recorded. Patients with neutropenia, solid organ transplantation, antineo-
plastic chemotherapy, acquired immunodeficiency syndrome (AIDS), current corticosteroid
therapy (>20 mg prednisone/d or equivalent), and pregnancy at admission were excluded.

2.1. RNA Extraction

Whole blood samples (2.5 mL) were obtained within 24 h of hospital admission for
genome expression profile analysis. Total RNA was isolated from these whole blood sam-
ples using the PaxGene™ blood RNA system (PreAnalytiX, Qiagen/Becton Dickson, Hom-
brechtikon, Switzerland) in accordance with the manufacturer’s specifications. Extracted
RNA was stored at minus 80 degrees Celsius until expression profiling. RNA quantification
was performed using a spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA) and RNA quality was assessed using an Agilent Bioanalyzer 2100 slide.

2.2. Gene Expression Profiles via Microarrays

Gene expression microarrays were performed at the MARGenomics facilities of the
Hospital del Mar Medical Research Institute (IMIM). RNA samples were amplified and



Biomedicines 2023, 11, 429

30f13

labeled with a GeneChip WT PLUS Reagent kit and hybridized to a Clariom S Human array
(Affymetrix, Santa Clara, CA, USA) in a GeneChip Hybridization Oven 640. The washing
and scanning steps were performed using the Expression Wash, Stain and Scan Kit and the
GeneChip System of Affymetrix (GeneChip Fluidics Station 450 and GeneChip Scanner 3000
7G). After quality control, the raw data were background-corrected, quantile-normalized,
and summarized to a gene level using the robust multichip average (RMA) [8], obtaining a
total of 20,893 transcripts, excluding controls. NetAffx 36 annotations that corresponded
to the hg38 human genome version were used to summarize data into transcript clusters
and annotate all of the transcripts analyzed. The microarray data from the present project
were deposited in the Gene Expression Omnibus of the National Center for Biotechnology
Information (NCBI) under accession number GSE188309.

2.3. Functional Analysis of Expression Data

Functional analysis was performed with gene set enrichment analysis (GSEA) [9,10].
To obtain a summary of the biological states and processes underlying our analysis, we used
the Hallmark gene-set collection defined by the Molecular Signatures Database (mSigDB),
UC San Diego and Broad Institute, USA (http:/ /www.gsea-msigdb.org/gsea/msigdb).
In addition, NetworkAnalyst 3.0, Canada, (https://www.networkanalyst.ca/) and IntAct
Molecular Interaction Database, European Molecular Biology Laboratory, EMBL's European
Bioinformatics Institute, UK, (https://wwwdev.ebi.ac.uk/intact) were used to construct
the protein—protein interaction (PPI) network. These tools allow the generation of an
enrichment network in which nodes that may be relevant in the analysis of gene expression
can be visualized.

2.4. Statistical Analysis

To obtain the list of differentially expressed genes in the various analyses, a double
strategy was followed. As a first approach, linear models for microarray (limma analysis)
were used to detect differentially expressed genes between the conditions, including a
variable batch to adjust for batch differences [11]. Next, using the same linear models, a
subsampling strategy was applied. In brief, 1000 models were generated for each analysis,
using a random and balanced subsample of the cases (representing between 55% and 77%
of cases, depending on the model). To adjust the possible batch influence, a variable batch
was also included in this model. The genes most frequently selected as being differentially
expressed were defined as top differentially expressed. Genes with a p-value of less than
0.05 were selected as significant. GSEA results were considered statistically significant
when a gene set had a p-value of less than 0.05 and the false discovery rate (FDR) was less
than 0.25, following the Broad Institute FAQ guidance. Moreover, expression data for each
gene and prognosis were recorded for each patient, and survival curves were generated
using survminer R packages. Samples above the median expression were considered highly
expressed whereas samples below the median were considered low-expressed. All data
analyses were performed in R (version 3.4.2).

3. Results
3.1. Characteristics of the Cohort

During the study period, 228 consecutive nonimmunosuppressed CAP patients were
admitted to the hospital, of whom 18 (7.9%) died during hospitalization. The main so-
ciodemographic and clinical features and laboratory findings thereof are shown in Table 1.
Most patients were older than 65 years (69.7%), and 154 (67.5%) presented comorbidities,
mainly chronic pulmonary and cardiac diseases and diabetes mellitus. Nearly half of the
patients had respiratory failure at admission. Regarding etiology, Streptococcus pneumoniae
was the most frequent causative pathogen. Most patients (64%) were classified as high-risk
(pneumonia severity index (PSI) IV-V). The causes of mortality were respiratory failure,
multiorgan dysfunction, and septic shock.
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Table 1. Characteristics of hospitalized patients with community-acquired pneumonia.

Characteristics All Patients Patients Who Died Patients Who Survived p-Value
(N =228) (N =18) (N =210)
Sociodemographic Data
Age (years), Median (IQR) 75 (62.5-84) 84.5 (59-92) 74.5 (63-83) 0.04
Male Sex 136 (59.6) 12 (66.7) 124 (59) 0.52
Current Smoker 43 (18.9) 2 (11.1) 41 (19.5) 0.53
COPD 72 (31.6) 4(22.2) 68 (32.4) 0.37
Chronic Heart Disease 82 (36) 9 (50) 73 (34.8) 0.19
Diabetes Mellitus 49 (21.5) 6 (33.3) 43 (20.5) 0.23
Clinical Features at Admission
Time fromﬁiggfg‘()%‘)‘sa (Bays), 4(2-7) 3.5 (1-5) 4(2-7) 0.19
Fever (>38.0 °C) 84 (37) 3(16.7) 81 (38.0) 0.06
Tachycardia (>100 Beats x min~!) 135 (59.2) 11 (61.1) 124 (59) 0.86
Tachypnea (>30 Breaths x min—1) 66 (34.4) 9 (60) 57 (32.2) 0.03
Impaired Consciousness 32 (14) 3(16.7) 29 (13.8) 0.72
Septic Shock 17 (7.5) 5(27.8) 12 (5.7) 0.001
Laboratory and Radiographic Findings
Respiratoryp zgiuieégP;% }/1 1;1)02 <300 or 130 (57) 15 (83.3) 115 (54.8) 0.019
Leukocytosis (Leukocytes > 12 X 10%/L) 136 (59.6) 12 (66.7) 124 (59) 0.52
Multilobar Pneumonia 71 (31.1) 6 (33.3) 65 (32.3) 0.93
Pleural Effusion 8 (3.5) 2 (11.1) 26 (12.4) 1
Bacteremia 19 (8.9) 3(16.7) 16 (8.2) 0.20
Bacterial Pneumonia 82 (36) 6 (33.3) 76 (36.2) 0.80
Pneumococcal Pneumonia 48 (21.1) 3(16.7) 45 (21.4) 0.77
Viral Pneumonia 12 (5.3) 1(5.6) 11 (5.2) 1
CAP-Specific Scores
PSI Score, Median (IQR) 100 (81.5-123.5) 142 (109-178) 99 (79-121) <0.001
PSI High-Risk Classes (IV-V) 146 (64) 17 (94.4) 129 (61.4) 0.005

COPD, chronic obstructive pulmonary disease; ICU, intensive care unit; IQR, interquartile range; PSI, pneumonia
severity index.

3.2. Differentially Expressed Genes between CAP Patients Who Died and Those Who Survived

A total of 198 samples were processed, 13 of them from patients who died. Missing
samples were not processed due to quality or sample-quantity issues. Table 2 shows the list
of genes that were differentially expressed in CAP patients who died in relation to in those
who survived based on the lowest p-value. Analysis yielded 49 differentially expressed
genes, 36 of which were upregulated and 13 downregulated in circulation of whole-blood
cells. Figure 1 shows the heat map of the differentially expressed genes. In addition, the
analyses of the expression data for each gene and prognosis indicated that low expression
of the genes SPRYD3, ESPLI, and HHIPL? and high expression of the gene PLXNAI were
significantly related to survival in CAP patients (Figure 2). Other genes whose expression
tended to be related to survival were COQ6, METTL20, PGAP2, DIXDC1, NRL, and ADCK4.
The curves of these analyses are shown in Supplementary Figure S1.



Biomedicines 2023, 11, 429 50f 13

Table 2. List of genes differentially expressed in community-acquired pneumonia patients who died
in relation to patients who survived based on the lowest p-value.

Symbol Gene Name p-Value  Fold Change Resampling (N Times)
SCRG1 Stimulator of chondrogenesis 1 0.001 1.28 383
FAM72A Family with sequence similarity 72, member A 0.001 1.45 363
KCNK16 Potassium channel, two-pore-domain subfamily K, member 16 0.001 1.20 270
SLC26A10 Solute carrier family 26, member 10 0.001 1.25 267
ZNF563 Zinc finger protein 563 0.001 1.18 448
OTUD7B OTU deubiquitinase 7B 0.002 1.20 339
ADCK4 aarF domain containing kinase 4 0.004 1.16 533
F2RL2 Coagulation factor II (thrombin) receptor-like 2 0.004 1.18 337
GTPBP6 GTP binding protein 6 (putative) 0.004 —1.13 286
TBKBP1 TBK1 binding protein 1 0.004 1.35 365
HHIPL2 HHIP-like 2 0.005 1.14 346
PLXNAI Plexin Al 0.005 -1.13 339
SPATAS Transcript Identified with AceView, Entrez Gene ID(s) 166378 0.006 —-1.18 418
NRL Neural retina leucine zipper 0.006 1.17 317
UBE2S Ubiquitin-conjugating enzyme E2S 0.006 1.18 268
MFSD9 Major facilitator superfamily domain containing 9 0.007 1.28 327
OXR1 Oxidation resistance 1 0.007 1.24 257
DIXDC1 DIX domain containing 1 0.007 1.23 344
SH3D21 SH3 domain containing 21 0.009 —1.16 337
PGAP2 Post-GPI attachment to proteins 2 0.009 1.18 265
FOS FBJ murine osteosarcoma viral oncogene homolog 0.009 1.19 318
ZFYVE21 Zinc finger, FYVE domain containing 21 0.009 1.18 261
HS6ST1 Heparan sulfate 6-O-sulfotransferase 1 0.009 1.12 258
BTBDS8 BTB (POZ) domain containing 8 0.012 1.22 315
RIMKLB Ribosomal modification protein rimK-like family member B 0.012 1.19 312
EBF4 Early B-cell factor 4 0.012 -1.14 428
METTL20 Methyltransferase-like 20 0.013 1.16 293
EIF4G2 Eukaryotic translation initiation factor 4 gamma, 2 0.016 —-1.15 279
CACNA1S  Calcium channel, voltage-dependent, L type, alpha 1S subunit 0.018 -1.14 304
TM4SF1 Transmembrane 4 L six family member 1 0.023 —-1.19 357
ZNF311 Zinc finger protein 311 0.023 -1.12 268
HLA-DQA2 Major histocompatibility complex, class II, DQ alpha 2 0.026 —1.24 255
ESPL1 Extra spindle pole bodies like 1, separase 0.028 1.12 266
BUD31 Transcript Identified with AceView, Entrez Gene ID(s) 8896 0.030 1.17 283
conpy eI ALLACCITION AT DONOR sy
GINS1 GINS complex subunit 1 (Psfl1 homolog) 0.031 1.19 262
ASXL1 Additional sex combs like transcriptional regulator 1 0.031 1.21 404
C100rf54 Chromosome 10 open reading frame 54 0.033 1.18 403

AURKA Aurora kinase A 0.034 1.18 332
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Table 2. Cont.

Symbol Gene Name p-Value  Fold Change  Resampling (N Times)
ZNF506 Zinc finger protein 506 0.035 1.13 267
CASC5 Cancer susceptibility candidate 5 0.035 1.18 261
AIG1 Androgen-induced 1 0.039 -1.17 303
SPRYD3 SPRY domain containing 3 0.039 1.13 391
CDC42 Cell division cycle 42 0.039 —1.09 323
ZBTB37 Zinc finger and BTB domain containing 37 0.041 1.19 258
CAMP Cathelicidin antimicrobial peptide 0.043 —1.46 304
CCDC183 Coiled-coil domain containing 183 0.044 1.10 343
COQ6 Coenzyme Q6 monooxygenase 0.046 1.13 252
CENPE Centromere protein E 0.049 1.16 312

1
S e cond cond

AT
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COQ6_TC1400007663.hg.1
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HLA-DQA2_TCO0600007664.hg.1
RIMKLB_TC1200006730.hg.1
SH3D21_TC0100018210.hg.1
PLXNA1_TC0300008691 hg.1
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ESPL1_TC1200007707.hg.1
GTPBP6_TCO0X00008886.hg.1
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ZNF506_TC1900011914.hg.1
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4 . mort_0

mort_1

Figure 1. Heatmap of differentially expressed genes between community-acquired pneumonia

patients who survived and died. mort_0, patients who survived; mort_1, patients who died.
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Figure 2. Analyses of the expression data for the genes SPRYD3, ESPL1, HHIPL2, and PLXNA1 and
for survival in community-acquired pneumonia patients.

3.3. Functional Analysis

GSEA was used to identify differentially expressed gene sets. A total of four out of
fifty gene sets were positively enriched in the patients who died, and seven out of fifty
gene sets were positively enriched in the patients who survived (NOM p-value < 0.05
and/or FDR <25%) (Table 3 and Figure 3). Enrichment plots of the gene sets are shown
in Supplementary Figure S2. Moreover, PPI analysis with NetworkAnalyst 3.0 and IntAct
found FOS, CDC42, SLC26A10, EIF4G2, CCND3, ASXL1, UBE2S, and AURKA to be the
main gene hubs (Figure 4). The names, abbreviations, and functions of these gene hubs are
shown in Table 4.

Table 3. Gene set enrichment analysis of transcriptional differences in whole blood associated with
mortality in community-acquired pneumonia.

Gene Set Name NOM FDR NES Brief Description
p-Value  q-Value
Positive Enrichment Score
Genes upregulated during
HALLMARK_SPERMATOGENESIS 0.000 0.034 1.66 production of male gametes
(sperm), as in spermatogenesis.
HALLMARK_INTERFERON_ALPHA_RESPONSE 0.011 0.202 144  Genes upregulated in response to
alpha interferon proteins.
HALLMARK_P53_PATHWAY 0.016 0.237 139 ~ Genesinvolved inp53 pathways
and networks.
Genes involved in the G2/M
HALLMARK_G2M_CHECKPOINT 0.020 0.199 1.37 checkpoint, as in progression

through the cell division cycle.
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Table 3. Cont.

Gene Set Name NOM FDR NES Brief Description
p-Value  g-Value
Negative Enrichment Score
HALLMARK_MYC_TARGETS_V1 0.000 0000 213 A subgroup of genes regulated
with MYC—version 1 (v1).
HALLMARK_OXIDATIVE_PHOSPHORYLATION 0.000 0005  —1gp Genesencoding proteins involved
in oxidative phosphorylation.
A subgroup of genes regulated
HALLMARK_MYC_TARGETS_V2 0.000 0.010 —1.67 with MYC—version 2 (v2).
Genes upregulated during
HALLMARK_UNFOLDED_PROTEIN_RESPONSE 0.000 0010  —1.65 unfolded protein response, a
cellular stress response related to
the endoplasmic reticulum.
HALLMARK_ALLOGRAFT_REJECTION 0.000 0051  —145 Genes upregulated during
transplant rejection.
Genes upregulated during
HALLMARK_ANGIOGENESIS 0.072 0.076 —-1.39 formation of blood
vessels (angiogenesis).
HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY  0.139 0241  —124  Genesupregulated by reactive

oxygen species (ROS).

FDR, false discovery rate; NOM, nominal p-value; NES, normalized enrichment score.

Table 4. Functional roles for hub genes of transcriptional differences in whole blood associated with
mortality in community-acquired pneumonia.

Symbol Gene Name Function
FBJ murine osteosarcoma viral Cell proliferation, differentiation, and transformation. In some
cases, also associated with apoptotic cell death. Among its relate
FOS oncogene homolo ! lated with apoptotic cell death. Among its related
& & pathways are the IL-6 and Toll-like receptor signaling pathways.
Controls diverse cellular functions, including cell morphology,
.. migration, endocytosis, and cell-cycle progression. Also plays a
b4z Cell division cycle 42 role in phagocytosis, thymocyte development, T cell actin and
tubulin cytoskeleton polarization, and T cell migration.
AURKA Aurora kinase A Mitotic serine/threonine kinase that contributes to regulation of
cell-cycle progression.
An essential factor of the anaphase-promoting
UBE2S Ubiquitin-conjugating enzyme E2S complex/cyclosome (APC/C), a cell-cycle-regulated ubiquitin
ligase that controls progression through mitosis.
Regulatory component of the cyclin D3-CDK4 (DC) complex that
CCND3 Ahfgngéﬁé(giﬁii—Ag\?fég\?ii phosphorylates and inhibits members of the retinoblastoma (RB)
intronic best trailscri th’\IM 00113 601’7 protein family, including RB1, and regulates the cell cycle during
P - G(1)/S transition.
Diseases associated with SLC26A10 include sialolithiasis and
SLC26A10 Solute carrier family 26, member 10 Pendred syndrome. Antiporter activity and sulfate
transmembrane transporter activity.
. e . Appears to play a role in the switch from cap-dependent to
EIF4G2 Eukaryotic trans;?rtllr(;r;lgltlatlon factor 4 IRES-mediated translation during mitosis, apoptosis, and viral
& ! infection. Cleaved with some caspases and viral proteases.
Determination of segment identity in the developing embryo.
ASXL1 Additional sex combs-like Necessary for the maintenance of stable repression of homeotic

transcriptional regulator 1

and other loci. Enhances transcription of certain genes while
repressing transcription of others.
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Figure 3. Histogram of Hallmark-gene-set enrichment analysis of transcriptional differences in whole
blood associated with mortality in community-acquired pneumonia.

Figure 4. Protein—protein interaction analysis, from NetworkAnalyst 3.0, of transcriptional differences
in whole blood associated with mortality in community-acquired pneumonia. All differentially
expressed genes were used to perform this analysis.
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4. Discussion

In this study, we identified the whole-blood gene expression profile associated with
mortality in CAP patients. Functional enrichment analysis showed differences in gene
expression profiles at hospital admission between CAP patients who died and those who
survived, mainly regarding interferon alpha response, oxidative stress, apoptosis, endo-
plasmic reticulum stress, sex hormones, and angiogenesis pathways.

Studies that have evaluated gene expression profiles associated with severity or mor-
tality in CAP are scarce. Hopp et al. [4] reported that in blood transcriptomes from septic
patients in the ICU, CAP severity was associated mainly with immune dysregulation (T
cell immune suppression, chemokine receptor deactivation, and macrophage polarization).
Similarly, having evaluated patterns of gene expression in blood mononuclear cells from
patients with sepsis secondary to CAP, Severino et al. [5] found that differences in oxidative
phosphorylation seemed to be associated with prognosis at the time of patient enrollment.
In addition, after comparing samples at admission and during follow-up, those authors
found that gene expression profiles differed between survivors and nonsurvivors, with
decreased expression of genes related to immune functions. Our study differs from these
previously published papers with regard to objectives, inclusion criteria, and methods for
assessing gene expression (mononuclear cells vs. whole blood). In fact, the differences
between studies may provide insights into the distinct characteristics of the host response
during CAP.

Furthermore, studies have also evaluated the performance of gene expression pro-
filing in predicting prognosis in heterogeneous cohorts of sepsis patients. Hu et al. [12]
performed a bioinformatic analysis of gene expression profiles for prognosis in patients
with septic shock. Those researchers found that differentially expressed genes between
septic shock patients and controls were primarily involved in the MAPK, tumor necrosis
factor, HIF-1, and insulin signaling pathways. Six genes were identified to be positively
correlated with prognosis in patients with septic shock. Another study found that sep-
sis response transcriptomic signatures (SRSs) can define subgroups of patients related to
a sepsis outcome [13]. Cell death, apoptosis, necrosis, T cell activation, and endotoxin
tolerance are enriched biological functions that pertain to SRSs in intra-abdominal and
respiratory infection. SRSs is associated with higher early mortality in fecal peritonitis
infection. Moreover, Baghela et al. [14] found gene expression signatures that predicted
prognosis with 77-80% accuracy. Interestingly, those authors suggested that patients with
early sepsis could be stratified into five distinct mechanistic endotypes, based on unique
gene expression differences, with variable overall severity. Some of our results concur with
those of previous studies; we also found that gene expression profiles from pathways such
as apoptosis and oxidative stress were differentially expressed between groups.

In the present study, we found differences in the transcriptional profiles at hospital
admission between CAP patients who died during hospitalization and those who survived.
These findings are also supported by studies that have documented that the pathways
that we found are related to prognoses in patients with sepsis or CAP. Some of these
pathways can be regarded as “double-edged swords”: on one hand, they are useful for
fighting infectious pathogens, but on the other, they are harmful and produce organ
damage. Functional analysis showed that gene sets positively enriched in CAP patients
who died were associated with apoptosis, interferon alpha response, and sex hormones.
Regarding apoptosis, p53 is a stress-induced transcription factor that can be activated via
several stimuli, including hypoxia and reactive oxygen species [15]. It has been found that
inappropriate regulation of apoptosis in immune, endothelial, and pulmonary epithelial
cells may play a critical role in production of immune dysfunction, impaired perfusion,
tissue hypoxia, and multiple organ failure in sepsis [16]. Evidence suggests that prevention
of cell apoptosis can improve prognosis in animal models of sepsis. One study found that
the lungs of naive p53(—/—) mice displayed proinflammatory genes and clear pathogens
more successfully than did controls after intrapulmonary infection [17].
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Moreover, our data also identified a significant enrichment in genes associated with
spermatogenesis. Sex hormone regulation is carried out via the hypothalamic—pituitary—
gonadal axis. Sex hormones have been reported to have regulatory influences on im-
mune responses; estradiol can stimulate production of proinflammatory cytokines and
macrophage activation, and testosterone has a suppressive effect on immune responses
and increases vulnerability to infection [18]. High levels of estrogens such as estradiol
have been observed in male and female patients with sepsis and septic shock and have
been associated with significantly higher risk of in-hospital mortality [18,19]. Moreover,
in males with CAP, sex and mineralocorticoid hormone metabolites have been associated
with inflammation, disease severity, and long-term survival [20].

Another key feature of the gene expression profiles in CAP nonsurvivors was upreg-
ulation of the interferon-alpha response pathway. Type 1 interferon-alpha is mainly an
antiviral cytokine. However, it has proven useful for control of bacterial replication and
lung inflammation and improved clinical outcomes in animal models of bacterial pneumo-
nia via increased neutrophil and macrophage activation with release of reactive oxygen and
nitrogen species and bacterial killing [21]. Nevertheless, interferon-alpha can also cause
pathogenic damage and an uncontrolled inflammatory response [22]. Finally, interferon
regulatory factor 5 (IRF5) and its related inflammatory cytokines, such as interferon-alpha,
have been associated with severity and prognoses in CAP patients [23].

Functional analysis showed that gene sets related to the oxidative stress, angiogenesis,
and endoplasmic reticulum stress pathways were positively enriched in patients who
survived. Regarding oxidative stress, organisms that live under aerobic conditions are
exposed to several oxidizing agents, including reactive oxygen species (ROSs) and reactive
nitrogen species (RNSs). These species perform biological functions that are essential for
normal cell development; however, an imbalance between reactive-species generation and
antioxidant defense, known as oxidative stress, can result in impaired homeostasis and
lead to various pathologies [24]. Oxidative stress is part of the pathogenic mechanism of
CAP and is closely linked to inflammation [25].

Numerous biomarkers have been associated with angiogenesis, including angiopoi-
etins, members of the vascular endothelial growth factor family, transforming growth
factors, interleukins, platelet-derived growth factor, and the fibroblast growth factor family.
During infection, factors related to angiogenesis and the endothelial barrier are essential
for migration of immune-system cells into infected tissues but can also participate in the
pathogenesis of septic shock and acute multiple organ dysfunction [26]. Moreover, under
conditions that cause stress and inflammation, the endoplasmic reticulum loses homeostasis
in a process termed endoplasmic reticulum stress. During endoplasmic reticulum stress, an
unfolded protein response (UPR) is activated to restore the normal endoplasmic reticulum
function. This UPR preserves a homeostatic environment and regulates a wide variety
of cell processes, such as cell proliferation and differentiation, inflammation, apoptosis,
and angiogenesis. However, the UPR becomes a threat when its activation is intense and
prolonged, and may lead to cell dysfunction, death, and disease [27]. Finally, transcrip-
tion factor MYC may be an important regulatory gene in the underlying dysfunction of
sepsis-induced acute respiratory distress syndrome (ARDS) [28].

The present pilot study has several limitations that should be acknowledged. First, the
number of nonsurvivors was small, and we were unable to complete subgroup analyses;
therefore, our findings need to be validated in larger cohorts from different geographical
areas. Second, we did not adjust the results for confounding variables such as age or
underlying diseases. Third, we measured gene expression profiles at only one point in
the disease and did not evaluate changes over the course of admission; therefore, we
cannot rule out the possibility that gene expression may differ at other times during CAP.
In this regard, it should be noted that the findings of our study show gene expression
profiles specifically in the initial phases of CAP. Finally, we did not confirm the results with
real-time quantitative polymerase chain reaction of the target genes.
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5. Conclusions

The gene expression profiles of CAP survivors and nonsurvivors presented differ-
ences, mainly related to interferon-alpha response, apoptosis, sex hormones, oxidative
stress, unfolded protein response, and angiogenesis pathways. These findings may ex-
pand our understanding of the immune response in CAP through identification of new
candidate pathways and targets for potential intervention. In addition, the differentially
expressed genes could potentially be useful as risk-stratification biomarkers that may
facilitate healthcare utilization.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/biomedicines11020429/s1, Figure S1: Expression data for each gene and prognosis, Figure S2:
Enrichment plot of gene sets.
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Background. Acute cardiac events (ACEs) are increasingly being recognized as a major complication in pneumococcal
community-acquired pneumonia (CAP). Information regarding host- and pathogen-related factors for ACEs, including pneumo-
coccal serotypes and clonal complexes, is scarce.

Methods. A retrospective study was conducted of a prospective cohort of patients hospitalized for CAP between 1996 and
2019. Logistic regression and funnel plot analyses were performed to determine host- and pathogen-related factors for ACEs.

Results. Of 1739 episodes of pneumococcal CAP, 1 or more ACEs occurred in 304 (17.5%) patients, the most frequent being
arrhythmia (n = 207), heart failure (n = 135), and myocardial infarction (n = 23). The majority of ACEs (73.4%) occurred within
48 hours of admission. Factors independently associated with ACEs were older age, preexisting heart conditions, pneumococcal
bacteremia, septic shock at admission, and high-risk pneumonia. Among 983 pneumococcal isolates, 872 (88.7%) were serotyped
and 742 (75.5%) genotyped. The funnel plot analyses did not find any statistically significant association between serotypes or clonal
complexes with ACEs. Nevertheless, there was a trend toward an association between CC230 and these complications. ACEs were
independently associated with 30-day mortality (adjusted odds ratio, 1.88; 95% CI, 1.11-3.13).

Conclusions. ACEs are frequent in pneumococcal pneumonia and are associated with increased mortality. The risk factors
defined in this study may help identify patients who must undergo close follow-up, including heart rhythm monitoring, and special
care to avoid fluid overload, particularly during the first 48 hours of admission. These high-risk patients should be the target for pre-

ventive intervention strategies.
Keywords.

acute cardiac events; community-acquired pneumonia; genotype; pneumococcal pneumonia; serotype.

Acute cardiac events pose a significant challenge in the man-
agement of community-acquired pneumonia (CAP) [1-3]. The
incidence of acute cardiac events during the course of hospital-
ization for CAP ranges from 8% to 32% [4-7]. It is increasingly
being recognized that the development of acute cardiac events
in patients with CAP is an independent predictor of poor out-
comes [5, 7]. Moreover, hospitalized patients with CAP have
a 2-fold increase in the long-term risk for cardiovascular dis-
ease, new-onset heart failure, and mortality compared with the
general population [8-11].
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Several cohort studies focusing on the overall population of
all-cause CAP have identified certain host factors associated
with the development of acute cardiac events [4-7, 12, 13].
Importantly, the development of life-threatening acute cardiac
events appears to be particularly frequent among patients with
pneumococcal CAP [4, 14]. The first study linking acute car-
diac events and pneumococcal pneumonia was carried out by
Musher and colleagues in 2007 [15]. However, that seminal
study reported only 33 cardiac events occurring in 170 patients,
precluding an analysis of risk factors. Other researchers have
found that pneumococcal bacteremia significantly increased
the risk of new-onset heart failure up to 10 years after CAP
compared with controls [9].

Interestingly, recent animal experimental models have shown
that Streptococcus pneumoniae is capable of invading the my-
ocardium and inducing cardiac injury by promoting the for-
mation of microlesions [16-18]. In these studies, bacteremia
strongly correlated with increasing levels of cardiac troponin-L
and cardiac damage [19, 20]. Pneumolysin, a major virulence
factor of S. pneumoniae, mediates cardiac damage and depresses
cardiomyocyte contractile function [19, 21]. Antimicrobial
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treatment has been associated with cardiac scarring as a result of
collagen synthesis in damaged myocardium, which may explain
the increased risk for long-term cardiac complications in hu-
mans due to the promotion of arrhythmias and/or impairment
of left ventricular function [16, 17]. A recent experimental study
in a small sample of mice found that cardiac damage is prob-
ably dependent on the ability of certain pneumococci to cause
high-grade bacteremia and that the type of lesions might be
strain-specific [20]. Interestingly, similar cardiac microlesions
largely devoid of bacteria were observed in heart sections from
3 rhesus macaques infected with simian immunodeficiency
virus that died of pneumococcal pneumonia despite antibiotic
therapy, and in 2 out of 9 humans who succumbed to invasive
pneumococcal disease [17].

To date, however, no clinical studies have specifically assessed
host risk factors for acute cardiac events in pneumococcal
pneumonia. Moreover, the potential link between pneumo-
coccal genotypes (clonal complexes) and cardiac complications
in humans with pneumococcal CAP has not been explored.
Nevertheless, a recent study has found an association between
the development of acute cardiac events and pneumococcal
serotypes 3 and 9N in 310 patients with invasive pneumococcal
disease (of whom 60% had CAP) [22]. An association between
any pneumococcal serotype or clonal complex and cardiac
events could have important public health implications with re-
gard to the composition of further pneumococcal vaccines.

Here, we aim to assess the host- and pathogen-related fac-
tors, more specifically serotypes and genotypes (clonal com-
plexes), related to a high risk of developing acute cardiac events
in a large prospective cohort of hospitalized patients with
pneumococcal CAP.

METHODS

Setting, Patients, and Study Design

This retrospective cohort study was performed at the Bellvitge
University Hospital, a 750-bed tertiary academic hospital for
adults in Barcelona, Spain. All nonimmunocompromised pa-
tients aged >18 years with pneumococcal CAP who were hos-
pitalized through the emergency room from January 1, 1996, to
September 30, 2019, were included. Data on all patients were
prospectively recorded using a computer-assisted protocol.
Patients with neutropenia, HIV infection, or transplantation
were not included.

To identify risk factors for acute cardiac events during hos-
pitalization, patients with pneumococcal pneumonia were di-
vided into 2 groups: those who developed acute cardiac events
(new-onset or worsening cardiac arrhythmias, new-onset or
worsening congestive heart failure and/or myocardial infarc-
tion) and those without acute cardiac events during hospital
stay. A comparison of S. pneumoniae strains isolated from
patients with pneumococcal pneumonia and with or without

acute cardiac events was performed. Local clinical practices
regarding initial microbiological testing and empirical antibi-
otic therapy are detailed in the Supplementary Data. Serotypes,
genotypes (clonal complexes), and penicillin susceptibility of
isolated strains were analyzed.

Patients were seen during their hospital stay by 1 or more
of the investigators who recorded clinical data, including the
occurrence of any acute cardiac event, and microbiological
findings in a computer-assisted protocol (case report form,
Supplementary Data). Patients were seen at the outpatient clinic
30 days after hospital discharge.

Patient Consent Statement

The study was approved by the Bellvitge University Hospital
Ethics Committee. Informed consent was waived because of the
observational nature of the study and because the analysis used
anonymous clinical data. The STROBE guidelines were used to
ensure the reporting of the study (Supplementary Table 1).

Definitions

New-onset or worsening cardiac arrhythmias were considered
when they were documented by an electrocardiogram (ECG).
New-onset or worsening congestive heart failure was considered
when patients fulfilled Framingham criteria [23]. Myocardial
infarction was defined as the detection of an increase in car-
diac biomarkers (creatine kinase fraction MB and/or troponin)
with at least 1 of the following manifestations: symptoms of is-
chemia, ECG changes (new ST-T changes or a new left bundle
branch block), or development of pathological Q waves. Early
and overall mortality were defined as death due to any cause
<48 hours and <30 days after hospitalization, respectively. The
definitions for pneumococcal CAP and other variables are de-
tailed in the Supplementary Data.

Microbiological Studies
S. pneumoniae was identified using standard microbiological
procedures. S. pneumoniae urinary antigen detection was per-
formed with a rapid immunochromatographic assay (BinaxNOW
Streptococcus pneumoniae, Abbott, Lake Bluff, Illinois, USA).
Penicillin = susceptibility was tested by the microdilution
method, following the European Committee on Antimicrobial
Susceptibility Testing methods and criteria (EUCAST).
Serotypes were identified using the Quellung reaction at the
Spanish Reference Laboratory [24] and/or by conventional pol-
ymerase chain reaction following the methodology described
by the Centers for Disease Control and Prevention [25]. For
genotyping all available strains, pulsed-field gel electropho-
resis with multilocus sequence typing (PFGE/MLST) scheme
was performed following a previously described methodology
[26]. PEGE patterns were visually compared. Representative
strains of the main clusters (those accounting for >5 pneumo-
cocci) were studied by MLST. Allele numbers and sequence
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types (STs) were assigned using the pneumococcal multilocus
sequence typing website [27]. Unusual serotype-genotype com-
binations were retested.

Statistical Analysis
Categorical variables were presented by the number of cases
and percentages, and continuous variables by means and SDs or
medians and interquartile ranges (IQRs). Continuous variables
were compared using the Student ¢ test or Mann-Whitney U test
where appropriate. The Fisher exact test or Pearson y* test was
applied to assess the relationship between categorical variables.
To estimate the magnitude of the associations between
covariates and the development of acute cardiac events,
multivariable adjusted ORs and their corresponding 95% con-
fidence intervals were computed by logistic regression. A po-
tential set of predictors was prespecified based on the literature.
The cohort was sampled by bootstrapping with replacement
1000 times. A model was fitted in each sample using stepwise
elimination and the Akaike information criterion. Predictors
retained in more than 70% of the models were considered for
inclusion in the selected model. Factors included in the model
are detailed in the Supplementary Data. Comparison of acute
cardiac event rates between serotypes and clonal complexes was
carried out taking into account the volume of patients at risk
and was represented graphically with funnel plots [28]. Using
the overall acute cardiac event rate as a benchmark, serotypes
or clonal complexes above or below the benchmark’s confidence
interval would indicate that the risk observed was significantly
higher or lower than expected. If the serotypes or clonal com-
plexes were within the benchmark’s confidence interval, this
would indicate that the risk observed was as expected. Only
serotypes and genotypes (clonal complexes) isolated in 10 or
more cases were analyzed. As a general strategy, variables with
>25% of missing values were not considered. No imputation
was performed for missing values, and no sensitivity analysis
was carried out. Whenever possible, 95% confidence intervals
accompanied point estimators. All analyses were performed
with a 2-sided significance level of .05 and were conducted with
R Statistical Software, version 3.6.3 [29].

RESULTS

Over the study period, 1739 consecutive adults with pneumo-
coccal pneumonia were included, of whom 304 (17.5%) devel-
oped 1 or more acute cardiac events during hospitalization. The
most frequent cardiac complications were arrhythmia (n = 207,
of which 124 were new-onset atrial fibrillation/flutter), heart
failure (n =135, of which 85 were new-onset heart failure),
and myocardial infarction (n = 23), with the majority of events
occurring within 48 hours (73.4%) of admission. Details of
the microbiological methods used to establish the diagnosis
of pneumococcal pneumonia are shown in the Supplementary

Table 2. In brief, S. pneumoniae was isolated in 1 or more clin-
ical samples in 983 (56.5%) patients, with the remaining pa-
tients being diagnosed through antigen testing, and 495 (28.5%)
had pneumococcal bacteremia.

Baseline characteristics of patients with pneumococcal pneu-
monia who developed acute cardiac events and those who did
not are detailed in Table 1. Patients who developed acute cardiac
events were significantly older, had more preexisting heart condi-
tions, and had more comorbidities such as stroke, dyslipidemia,
arterial hypertension, peripheral artery disease, chronic renal
disease, and chronic obstructive pulmonary disease. They were
more often receiving oral anticoagulants, antiplatelet therapy,
statins, beta-blockers, angiotensin-converting enzyme inhibi-
tors or angiotensin II receptor blockers, and diuretics. They
also had more often pneumococcal bacteremia, a more severe
presentation with a higher pneumonia severity index (PSI), and
higher rates of septic shock at admission, hypoalbuminemia,
and respiratory insufficiency. Patients without acute cardiac
events were more likely to have received prehospitalization an-
tibiotic treatment for the acute episode of pneumonia, which
was associated with a lower frequency of bacteremia (13.3%
vs 30.8%; P < .001), a lower proportion of septic shock at ad-
mission (7.3% vs 13.3%; P < .01), and a lower rate of high-risk
pneumonia (PSI classes IV and V, 56% vs 65.6%; P = .017). In
the adjusted multivariate logistic regression analysis, age, preex-
isting heart conditions, pneumococcal bacteremia, septic shock
at admission, and high-risk pneumonia (PSI classes IV and V)
were found to be independent risk factors for the development
of acute cardiac complications in pneumococcal CAP (Table 2).

Regarding pathogen-related factors, among 983 pneumo-
coccal isolates, 872 (88.7%) were serotyped and 742 (75.5%)
genotyped. A complete distribution of identified serotypes
and clonal complexes is detailed in Supplementary Tables 3
and 4. Serotype 3 was the most common, and it was mainly
related to clonal complexes CC180 and CC260; the B-lactam-
resistant CC156, which included serotypes 9V and 14, was
third. A funnel plot analysis (Figure 1) showed a trend toward a
higher incidence of acute cardiac complications than expected
with serotype 4, whereas serotypes 6A, 5, and 1 had a lower in-
cidence than expected. The clonal complex CC230 showed a
trend toward a higher rate of acute cardiac events in the funnel
plot analysis (Figure 2), whereas the serotype 5-associated
clonal complex CC289 had a lower incidence than expected.
No differences in penicillin minimum inhibitory concentration
were observed between the 2 groups (Supplementary Table 5).

Initial empirical antibiotic treatment and outcomes are
summarized in Table 3. According to our local guidelines for
treatment of CAP, combination therapy with B-lactam and
fluoroquinolone is recommended for severe pneumonia.
Accordingly, it was associated with a higher rate of septic shock,
respiratory failure, intensive care unit (ICU) admission, and a
higher PSI score. A higher rate of acute cardiovascular events
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Table 1.

Baseline Characteristics of Patients With Pneumococcal Pneumonia who Developed Acute Cardiac Events and Those who Did Not

Pneumococcal Pneumonia With Acute Cardiac

Pneumococcal Pneumonia Without Acute

Patients (n = 1739) Events (n = 304), No. (%) Cardiac Events (n = 1435), No. (%) PValue
Mean age (SD), y 73.4 (12.6) 65.8 (17.2) <.001
Age =70y 200/304 (65.8) 710/1435 (49.5) <.001
Female sex 111/304 (36.5) 509/1435 (35.5) .78
Vaccination status
Influenza vaccine (season) 147/256 (48.4) 628/1328 (43.8) 14
Pneumococcal vaccination (<5 y) 53/245 (21.6) 233/1296 (18) 21
Current smoker 59/302 (19.5) 407/1431 (28.4) .002
Heavy alcohol consumption 39/302 (12.9) 244/1429 (17.1) .091
Underlying disease
Chronic obstructive pulmonary disease 115/304 (37.8) 434/1435 (30.2) .012
Cancer 31/304 (10.2) 120/1435 (8.4) .36
Chronic renal disease 40/304 (13.2) 110/1435 (7.7) .003
Chronic liver disease 25/304 (8.2) 122/1435 (8.5) .96
Dementia 13/304 (4.3) 77/1435 (5.4) .52
Stroke 36/304 (11.8) 112/1435 (7.8) .029
Peripheral artery disease 23/284 (7.6) 52/1266 (3.6) .004
Arterial hypertension 126/288 (43.8) 424/1352 (31.4) <.001
Diabetes mellitus 80/304 (26.3) 303/1435 (21.1) .056
Dyslipidemia 75/286 (26.2) 264/1342 (19.7) .017
Preexisting heart conditions 173/304 (56.9) 344/1435 (24) <.001
Arrhythmia 94/304 (30.9) 162/1435 (11.3) <.001
Coronary disease 60/304 (19.7) 120/1435 (8.4) <.001
Congestive heart failure 71/304 (23.4) 98/1435 (6.8) <.001
Baseline treatment
Oral anticoagulation 51/281 (18.1) 84/1253 (6.7) <.001
Antiplatelet therapy 85/283 (30) 267/1266 (21.1) .002
Statin treatment 61/282 (21.6) 171/1264 (13.5) .001
Beta-blockers 37/282 (13.1) 101/1266 (798) .009
ACE inhibitor and/or angiotensin Il re- 88/283 (31.1) 286/1266 (22.6) .003
ceptor blocker
Diuretic therapy 105/283 (37.1) 256/1266 (20.2) <.001
Prehospitalization antibiotic treatment 24/287 (8.36) 202/1404 (14.4) .004
Multilobar pneumonia 97/304 (31.9) 389/1435 (27.1) .10
Respiratory insufficiency® 218/304 (71.7) 847/1435 (59) <.001
Pleural effusion 38/304 (12.5) 200/1435 (13.9) .57
Empyema 13/304 (4.28) 79 /1434 (5.5) 47
Septic shock at admission 60/304 (19.7) 162/1432 (11.3) <.001
Hypoalbuminemia (<30 g/L) 129/259 (49.8) 512/1225 (41.8) .021
Pneumococcal bacteremia 121/304 (39.8) 374/1435 (26.1) <0.001
High-risk pneumonia (PSI >90 points, 259/304 (85.2) 866/1433 (60.3) <.001

classes IV and V)

Abbreviations: ACE, acute cardiac event; PSI, pneumonia severity index.
“Respiratory insufficiency defined as PaO2 <60 mmHg or peripheral oxygen saturation <90%.

Table 2. Adjusted Multivariate Logistic Regression for Acute Cardiac
Events in 1739 Episodes of Pneumococcal Pneumonia

Odds Ratio for Acute P
Variable Cardiac Events (95% ClI) Value
Age 1.02 (1-1.03) .009
Preexisting heart disease 3.45 (2.54-4.71) <.001
Pneumococcal bacteremia 2.562 (1.86-3.42) <.001
Septic shock at admission 1.77 (1.21-2.59) .003
High-risk pneumonia (PSI >90 2.33 (1.66-3.54) <.001

points, classes IV and V)

Abbreviation: PSI, pneumonia severity index.

was observed in patients who were empirically treated with
B-lactam and fluoroquinolone combination therapy in the uni-
variate analysis; however, fluoroquionolone exposure (either as
mono- or combination therapy) was not. Patients with pneu-
mococcal pneumonia with acute cardiac events had a greater
need for ICU admission, mechanical ventilation, and a longer
hospital stay. Among the 304 patients with pneumococcal
pneumonia with acute cardiac events, the 30-day mortality
was 13.9%, compared with 4.7% among those patients without
cardiac complications (P = .001). Acute cardiac events were
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Figure 1. Funnel plot analysis of serotypes and acute cardiac events.

independently associated with 30-day mortality (adjusted odds
ratio, 1.88;95% CI, 1.11-3.13; P = .017).

DISCUSSION

This retrospective study of a large cohort of patients with pneu-
mococcal pneumonia defined several host factors associated
with the development of acute cardiac events. We also studied
a possible link between both pneumococcal serotypes or clonal
complexes and the risk of developing cardiac complications.
The host factors we found to be independently associated with
acute cardiac events in pneumococcal pneumonia were older
age, preexisting heart conditions, pneumococcal bacteremia,
septic shock at admission, and high-risk pneumonia. A finding
of interest in our study is the fact that prehospitalization anti-
biotic treatment for the acute episode of pneumococcal pneu-
monia tended to display a protective effect for acute cardiac
events, although it did not reach statistical significance in the
multivariate analysis. Interestingly, experimental animal studies
have shown a significant positive correlation between pneu-
mococcal blood load and cardiac damage [17, 20]. In addition,
pneumococcal bacteremia has been shown to be an important

trigger for the development of acute cardiac events in CAP pa-
tients [31]. We found a lower incidence of bacteremia and a less
severe clinical presentation in patients with prehospitalization
antibiotic treatment, which may, to some extent at least, explain
the lower incidence of cardiac complications.

Previous information regarding characteristics of pneu-
mococcal strains and cardiac complications is derived from 2
studies [20, 22]. An experimental study evaluating not more
than 6 mice per strain showed that only serotypes able to
cause high-grade bacteremia, such as serotypes 2, 3, 4, and
6A, produced cardiac damage [20]. Moreover, for the sero-
types that could invade the heart, the type of cardiac damage
was strain specific. In addition, a recent study of 310 patients
with invasive pneumococcal disease, of whom 71 presented
an acute cardiac event, found an association between sero-
types 3 and 9N [22]. In that study, clonal complexes were not
analyzed. In contrast, in our study, which included a large
number of patients, we did not find any significant associ-
ation of serotypes 3 and 9N with acute cardiac events. Our
study, analyzing serotypes isolated from 872 patients and
clonal complexes from 742, found a negative trend linking
acute cardiac events with some highly clonal serotypes, such

Cardiac Events in Pneumococcal Pneumonia « OFID « 5
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Figure 2. Funnel plot analysis of genotypes (clonal complexes) and acute cardiac events.

Table 3. Treatment and Outcomes of Pneumococcal Pneumonia in Patients who Developed Acute Cardiac Events and Those who Did Not

Pneumococcal Pneumonia With Acute Pneumococcal Pneumonia Without Acute P

Patients (n = 1739) Cardiac Events (n = 304), No. (%) Cardiac Events (n = 1435), No. (%) Value
Initial antibiotic treatment
B-lactam monotherapy 131/304 (43.1) 700/1435 (48.8) .082
B-lactam + macrolide 5/304 (1.6) 32/1435 (2.2) 672
Fluoroquinolone monotherapy 24/304 (7.9) 140/1435 (9.8) .37
p-lactam + fluoroquinolone 134/304 (44.1) 525/1435 (36.6) .017
Fluoroquinolone (alone or any 158/304 (52) 669/1435 (46.6) 1102
combination)
Macrolide (alone or any combi- 6/304 (2) 37/1435 (2.6) .68
nation)
Other 10/304 (3.3) 37/1435 (2.6) .62
Doorto-needle antibiotic time, me- 5 (3.00-8.00) 5 (3.00-7.00) 72
dian (IQR?%), h
Intensive care unit admission 79/304 (26) 147/1435 (10.2) <.001
Need for mechanical ventilation® 74/304 (24.3) 111/1435 (7.7) <.001
Length of hospital stay, median 10 (700-18.2) 8 (5.00-11.00) <.001
(IQR), d
Early mortality (<48 h) 8/304 (2.6) 22/1435 (1.71) 24
30-d mortality 42/304 (13.8) 68/1435 (4.7) <.001

Abbreviation: 1QR, interquartile range.
“Data missing in 482 patients.
PIncludes invasive and noninvasive mechanical ventilation.
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as 5 (CC289) or 1 (CC306). Moreover, clonal complex CC230
tended to be associated with a higher incidence of acute car-
diac events. This finding, although not statistically significant
in the funnel plot, may be clinically relevant. In our study,
clonal complex CC230 was mainly related to serotypes 19A
and 24F Serotype 19A was not associated with acute car-
diac events, suggesting that genetic background, and not
serotype, could play a major role in these serious complica-
tions. Importantly, while serotype 19A is included in both
conjugated and polysaccharide pneumococcal vaccines, se-
rotype 24F is not covered by the current vaccines or by any of
those under development. It is plausible that certain strains
disproportionally impact individuals who have risk factors
for ACEs—older age, preexisting heart disease. Multivariate
analyses that include serotype-specific information should be
performed in future investigations.

Our finding that CC230 tends to be associated with a
higher incidence of acute cardiac events is hypothesis-
generating and should be explored in further multicenter
studies in other geographical areas and including a higher
number of pneumococcal strains. Our study also opens up
avenues for further research exploring the association of the
pneumococcal serotypes and genotypes and long-term risk
of serious cardiac events.

Despite a number of strengths, our study has some limita-
tions that should be acknowledged. First, the study involved
a cohort of adults with pneumococcal pneumonia recorded
over more than 20 years at a single center. This may limit
the extrapolation of our results to other geographical areas
where other serotypes and clonal complexes may be more
prevalent [30]. Second, serotyping and genotyping were not
performed in all isolates; however, serotypes and genotypes
were determined in the majority of the 983 isolates (89% and
76%, respectively). Third, the small number of some sero-
types and clonal complexes limited the analysis of their po-
tential relationship with acute cardiac complications. Lastly,
worsening of preexisting heart conditions was included as
an acute cardiac event and may have confounded the results;
however, analyzing exclusively new-onset arrhythmia, new-
onset heart failures, and myocardial infarction yielded sim-
ilar results.

In summary, acute cardiac events are frequent and confer
worse clinical outcomes in pneumococcal pneumonia. Although
CC230 tends to be associated with a higher incidence of acute
cardiac events, host factors appear to be more important than
pathogen-related factors for developing these life-threatening
complications. The host factors defined in this study may help
identify the patients who require close follow-up including
heart rhythm monitoring and special care to avoid fluid over-
load, particularly within the first 48 hours of admission. These
high-risk patients should be the target for urgent preventive in-
tervention strategies.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader,
the posted materials are not copyedited and are the sole responsibility
of the authors, so questions or comments should be addressed to the
corresponding author.
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Abstract: The clinical manifestations of SARS-CoV-2 infection vary widely, from asymptomatic infec-
tion to the development of acute respiratory distress syndrome (ARDS) and death. The host response
elicited by SARS-CoV-2 plays a key role in determining the clinical outcome. We hypothesized
that determining the dynamic whole blood transcriptomic profile of hospitalized adult COVID-19
patients and characterizing the subgroup that develops severe disease and ARDS would broaden our
understanding of the heterogeneity in clinical outcomes. We recruited 60 hospitalized patients with
RT-PCR-confirmed SARS-CoV-2 infection, among whom 19 developed ARDS. Peripheral blood was
collected using PAXGene RNA tubes within 24 h of admission and on day 7. There were 2572 differ-
ently expressed genes in patients with ARDS at baseline and 1149 at day 7. We found a dysregulated
inflammatory response in COVID-19 ARDS patients, with an increased expression of genes related to
pro-inflammatory molecules and neutrophil and macrophage activation at admission, in addition
to an immune regulation loss. This led, in turn, to a higher expression of genes related to reactive
oxygen species, protein polyubiquitination, and metalloproteinases in the latter stages. Some of
the most significant differences in gene expression found between patients with and without ARDS
corresponded to long non-coding RNA involved in epigenetic control.

Keywords: COVID-19; SARS-CoV-2; transcriptomics; ARDS; gene expression; prognosis

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic, caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the most recent zoonotic coronavirus to
cause devastation in humans [1], is a public health problem of historic magnitude. As of
March 2023, more than 676 million cases of COVID-19 have been reported globally, with
more than 6.8 million deaths [2].

The clinical manifestations of SARS-CoV-2 infections vary broadly, ranging from an
asymptomatic state to severe pneumonia, including acute respiratory distress syndrome
(ARDS), multisystem organ failure, and eventually death [3,4]. Morbidity and mortality
are almost exclusively driven by the development of ARDS.

An early adaptive immune response with a rapid production of bystander CD8 T
cells and plasmablasts with almost no systemic inflammation appears to take place in
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asymptomatic patients and in those with mild disease [5]. In contrast, progression to severe
illness with ARDS has been associated with a proinflammatory immune dysregulation
that includes a robust type 2 response [6,7]. Factors such as SARS-CoV-2 viral load [8],
immunological imprinting due to previous infections with other coronaviruses [9], autoan-
tibodies against interferon-w [10], host genetic determinants [11], low levels of type I and
III interferons (INF) together with elevated chemokines and high expression of IL-6 [12]
may play a role in COVID-19 outcomes. Intriguingly, it remains unclear why some patients
develop severe pneumonia with ARDS and others have zero or minimal symptomes.

A genome-wide association found that certain regions, such as 3p21.31, and blood
group A, were related to severity [11-13]. In addition, several ACE2 polymorphisms [13]
and inborn errors of type 1 INF [14] have been correlated with increased severity and
susceptibility to COVID-19.

Regarding transcriptomics, most of the research has analyzed single-cell RNA ex-
tracted from peripheral mononuclear cells (PBMC) [15]; only a few studies have been per-
formed on total RNA from whole blood. Some of these whole blood RNA studies focused
on identifying a transcriptomic signature differentiating SARS-CoV-2 from influenza [16]
and other viral respiratory pathogens [17], while others compared asymptomatic vs. symp-
tomatic patients [6,18]. Investigations evaluating whole blood transcriptomic profiles
according to clinical status found that more severe cases showed an upregulation of genes
principally related to neutrophil activation [5,17,19-21], myeloid cells [20], 112, 1I6, ILS,
protein autophagy, protein polyubiquitination [19], TNF-«, and glycolysis [5], while genes
related to T-cell activation were under-expressed [16,19,20,22]. As for interferon gene ex-
pression, two studies found an enrichment [5,20], while one observed a down-regulation of
IFN-y related genes [19].

However, most of the transcriptomic studies of COVID-19 have analyzed a single
time point per patient [16,17,19,20,22], thus disregarding the dynamic nature of the disease.
In addition, several investigations observed heterogeneity in the transcriptomic profiles
among the more severe groups of hospitalized COVID-19 patients [5,21,22].

The main goal of this study was to determine the dynamic transcriptomic profile of
adult patients hospitalized for COVID-19 and to characterize the subgroup that developed
severe disease and ARDS.

2. Materials and Methods
2.1. Study Design, Setting, Ethics and Patients

In this prospective study, 60 patients were enrolled at Bellvitge University Hospital.
Transcriptomic analyses were performed at the Hospital del Mar Medical Research Institute
(IMIM). Adult patients with a positive RT-PCR for SARS-CoV-2 in nasopharyngeal swabs
and COVID-19 symptoms requiring hospitalization from 25 March 2020, to 31 July 2020
(during the first wave of the COVID-19 pandemic in Spain) were eligible for recruitment.
Patients were enrolled within 24 h of admission. Blood samples were obtained at baseline
and on day 7 of hospital admission. Patients were assigned a unique patient identifier
(PID), which was applied to the clinical samples and the depersonalized data set. The list
correlating the patient’s identity with the PID is securely stored at Bellvitge University
Hospital. Patients were prospectively followed-up and seen daily by the investigators.
Data on demographic and clinical characteristics, biochemical analysis, treatments, and
outcomes were collected in a pseudoanonymized database. The study was approved by the
Bellvitge University Hospital Ethics Committee (PR148/20), and written informed consent
was obtained for all cases.

We classified the patients according to their respiratory situation each day over the
course of hospitalization (Figure 1). We hypothesized that patients with medium oxygen
needs (oxygen mask with oxygen flow between 8 and 15 L/min) could express a tran-
scriptomic profile overlapping ARDS and a more benign clinical evolution. Therefore, to
increase the specificity of the transcriptomic profile associated with ARDS, patients who
met the amplified definition of ARDS were compared with those with low flow oxygen
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needs (oxygen masks up to 8 L/min). The transcriptomic profile of patients with low
oxygen needs was compared to that of patients with ARDS at baseline. At day 7, the
transcriptomic profile of all patients who had developed ARDS at any time was compared
with those who had not.
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Figure 1. Clinical evolution of each individual patient according to oxygen need and day of sampling.
The x-axis represents time expressed in days, and the light-blue rows represent symptoms duration
prior to hospital admission (day 0). Green represents low oxygen need (oxygen mask up to 8 L/min),
orange represents medium oxygen need (between 8 and 15 L/min), and red represents the amplified
definition of ARDS (invasive or non-invasive mechanical ventilation, at least 24 h of FiO2 > 70%
and high-flow oxygen, >15 L/min, delivered by either non-rebreather masks or high-flow nasal
oxygen). The purple circles represent peripheral blood sampling using PAXGene RNA tubes. The
day of hospital discharge is detailed at the end of each row, and death is represented by the symbol t.

2.2. Definitions and Local Guidelines

COVID-19 pneumonia was defined as new or worsening pulmonary infiltrates on a
chest x-ray or CT of the lungs with a confirmed positive RT-PCR for SARS-CoV-2. ARDS
was defined as acute respiratory failure (PaO2/FiO2 < 300) with bilateral opacities and no
acute heart failure. Due to the overburdening of the health-care system and the scarcity of
critical care beds during the first COVID-19 wave, we decided to broaden the classical Berlin
definition [23] to eliminate the requirement of a positive end-expiratory pressure of at least
5 cmH;0. In addition to invasive (IV) or non-invasive mechanical ventilation (NIV), patients
who required at least 24 h of FiO2 > 70% and high-flow oxygen (>15 L/min) delivered by
either non-rebreather masks or high-flow nasal oxygen (HFNO) were considered to have
ARDS [24]. The case report form and other definitions can be found in the Supplementary
Materials section. Corticosteroids and tocilizumab were administered at the attending
physician’s discretion.
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2.3. RNA Extraction

Peripheral blood was collected using PAXGene RNA tubes from Qiagen. RNA was
extracted using a CE-certified PAXGene blood RNA kit at the IMIM’s COVID room with
special biosecurity measures (see Supplementary Materials). The quantity and integrity of
the samples were assessed with Nanodrop, Qubit, and Bioanalyzer instruments. Samples
of sufficient quality were selected for further processing.

2.4. Library Preparation

PAXGene RNA samples were processed using NEBNext Globin rRNA Depletion and
NEBNext Ultrall DirecRNA LibPrep in order to obtain the libraries. Laboratory parameters
(initial input, PCR cycles, and adaptor dilution) were adjusted considering the quantity
and quality of the different types of samples. Library profiles were checked using the
bioanalyzer instrument and Qubit dsDNA kit to quantify them. Libraries that passed
quality control were transferred to the CRG Core Facility. At the CRG, qPCR of the libraries
was performed prior to running the flow cell. Samples were sequenced by Illumina HiSeq
2500, resulting in paired 75-nt reads.

2.5. RNA-Seq Bioinformatic Processing

Initial quality control was carried out using FastQC (v0.11.5) and FastQ Screen (v0.14.0)
and summarized with Multiqc (v1.7). All QC metrics were deemed correct, with a median
of 49 million read-pairs per sample. No ribosomal contamination was detected (neither in
humans nor in other species). Raw sequencing reads in the fastq files were mapped with
STAR version 2.7.1a Gencode release v36 based on the GRCh38.p13 reference genome and
the corresponding GTF file.

2.6. Statistical Analysis

SAMtools v1.8 was used to index bam files. The algorithm CollectRnaSeqMetrics from
Picard v2.2.4 was used to retrieve alignment metrics. The table of counts was obtained
with the featureCounts function in the package subread (v1.6.4). The differential gene
expression (DEG) analysis was assessed with voom + limma in the limma package (v3.46.0)
using R (v4.0.3). Linear models included the batch as a covariate. Significant mean positive
log2-fold changes correspond to upregulation, while negative changes correspond to
downregulation. Functional analysis was performed with the clusterProfiler R package
(v4.2.2) and the Hallmark collection from the Molecular Signatures Database (MSigDB,
v7.5.1). Deconvolution analyses were performed to track compositional alterations of cell
types in gene expression data. To deconvolute cell types, the immunedeconv R package
(v2.0.4) with method CIBERSORT absolute was used.

3. Results

The characteristics of the 60 enrolled patients hospitalized due to SARS-CoV-2 infection
are shown in Table 1.

The mean age was 63 years (SD 14.8), 23 (38.3%) were women, 11 (18.3%) had diabetes
mellitus, 14 (23.3%) had dyslipidemia, 5 (8.3%) had chronic heart disease, and 5 (8.3%)
had chronic pulmonary diseases. The median time from symptom onset until hospital
admission was 7.8 days (SD 3.6). Most patients presented with fever (88.3%), cough (71.7%),
dyspnea (45%), and diarrhea (18.3%). Almost all patients (91.7%) had pneumonia at
admission, most of them bilateral (76.6%). Since many of the patients were included during
the first wave, treatments included hydroxychloroquine (66.7%), lopinavir-ritonavir (28.3%),
corticosteroids (53.3%), remdesivir (25%), and tocilizumab (21.7%) during hospitalization.
A total of 19 (31.6%) patients required the use of a non-rebreather mask >24 h, 12 (20%)
required a high flow nasal cannula or non-invasive mechanical ventilation, 6 (10%) were
admitted to the ICU, and 3 (5%) underwent invasive mechanical ventilation. The median
length of hospital stay was 9.6 days (SD 2.1). In-hospital mortality was 8.3%. A total of
9 patients (15%) met the amplified definition of ARDS at admission and 19 (31.6%) at
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any given time during hospitalization. Patients’ respiratory status during each day of
hospitalization is represented in Figure 1.

Table 1. Patients’ characteristics.

Patients’ Characteristics n (%)
Age (mean, SD) 63 (14.8)
Woman 23 (38.3%)
Active tobacco use 0 (0%)
Diabetes mellitus 11 (18.3%)
Dyslipidemia 14 (23.3%)
Preexisting pulmonary diseases 5 (8.3%)
Heart disease 5 (8.3%)
Stroke 3 (5%)
Renal failure 2(3.3)
Dementia 2 (3.3%)
Solid organ transplant recipient 2(3.3)
Obesity (BMI > 30) 31 (51.7%)
Morbid obesity (BMI > 40) 4 (6.7%)
Clinical presentation
Duration of symptoms (mean days, SD) 7.8 (3.6)
Fever 53 (88.3%)
Cough 43 (71.7%)
Dyspnea 27 (45%)
Diarrhea 11 (18.3%)
Cephalea 8 (13.3%)
Altered consciousness 5 (8.3%)
Mean room air saturation (%, SD) 94.9% (4)
Room air pulsioximetry <94% (%) 26 (43.3%)
Mean respiratory rate (SD) 24.2 (6.9)
Respiratory rate >30 11 (18.3%)
Mean lymphocytes (X 106, SD) 1083 (465)
Mean C reactive protein (mg/L, SD) 128 (107)
Pneumonia at presentation 55 (91.7%)
Bilateral pneumonia at presentation 46 (76.6%)
COVID-19 treatment
Lopinavir-ritonavir 17 (28.3%)
Hydroxychloroquine 40 (66.7%)
Remdesivir 15 (25%)
Tocilizumab 13 (21.7%)
Steroids 32 (53.3%)
Outcomes

Use of non-rebreather mask >24 h any given time

19 (31.6%)
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Table 1. Cont.

Patients” Characteristics n (%)
Use of high flow nasal cannula or non-invasive mechanical ventilation any given time 12 (20%)
ICU admission 6 (10%)
Median APACHE II score at ICU admission (SD) 12.33 (2.7)
Mechanical ventilation 3 (5%)
Nosocomial infection 8 (13.3%)
Median length of hospitalization stay (days, SD) 9.6 (2.1)
In-hospital mortality 5 (8.3%)

Baseline comparison (within 24 h of admission) of patients with ARDS with those
with low oxygen needs (maximum 6 L/min, n = 44) showed 2572 genes with log2-fold
changes above 1. Several genes associated with T-cell activation (e.g., TRAV20, TRBV13,
TRAV23DV6) and carbohydrate and galactose (e.g., CLEC4F) binding were found to be
downregulated in ARDS. In contrast, many upregulated genes identified in ARDS are in-
volved in immunoglobulin production (e.g., IGHV1-69-2, IGHV2-70D, TMIGD3, IGLV5-45),
monocytes/macrophages (e.g., MAOA, MACIR), neutrophil activation (e.g., CD177, LCN2),
and NF-Kappa B activation (e.g., upregulation of PCSK9 and downregulation of TIFAB). In
agreement with these results, CIBERSORT deconvolution analysis showed a decrease in
the population of naive CD4" T cells, resting memory CD4" T cells, CD8* T cells, resting
NK cells, and monocytes in samples from patients with ARDS. The opposite pattern was
observed in the neutrophil cell population. Various upregulated genes identified in ARDS
control lipid metabolic functions (e.g., OLAH, PCSK9, ACBD?, LPL, FABP2), polyubiquiti-
nation (e.g.,, SCN5A, UBQLN4P1, GRB10), and metalloproteinases (e.g., ADAMTS3, TIMP4,
MMP1, MMPS8). Interestingly, a variety of long non-coding RNAs (e.g., KCNMA1-AS],
AL592158.1, AC012146.1, IRAIN, A2M-AS1, PVT], etc.), many of them probably involved
in epigenetic control, were differentially expressed in patients with ARDS. In addition,
we found significant increased and decreased levels of several non-coding microRNAs
(miRNAs). Pathway analysis showed significantly enriched IL-6 and JAK-STAT3 signaling
in ARDS. On the other hand, two specific enriched pathways, related to Myc V2 targets and
WNT/ 3-catenin signaling, were identified in patients with less severe pneumonia. Figure 2
shows the heatmap, and the comparison of the CIBERSORT distribution at baseline of
patients with ARDS to those with low oxygen.

When comparing whole blood transcriptomics at day 7 in all patients who had devel-
oped ARDS at any time with those without, 1149 significant differentially expressed genes
were found. Figure 3 shows the heatmap and CIBERSORT distribution at day 7.

We found an upregulation of genes related to lipid control (e.g.,, OLAH, LPL, ECHDC3,
ALOX15B, PCSK9), oxidation (e.g., MAOA, MAOB), polyubiquitination, and metallopro-
teinases in patients with ARDS by day 7 of hospitalization. Conversely, TIFAB (which
enhances NF-kappa B inhibition) and KLRC2 (involved in NK activation) were down-
regulated in patients with ARDS. Again, we found significant increased and decreased
levels of several IncRNAs and miRNAs between patients with ARDS at any given time and
those without at day 7. Pathway analysis found a significantly enhanced expression of IL-6
and JAK STAT3 signaling and genes related to androgen response in patients with ARDS
compared to those with those with lower oxygen needs. A pathway analysis comparing
baseline and day 7 is shown in Figure 4.
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Figure 2. (a) Heatmap depicting the gene expression of differentially expressed genes (DEGs) obtained
from the baseline comparison between COVID-19 patients with ARDS (ARDS_B) and those with low
oxygen needs (LON_B). Each column in the figure represents a sample, and each row represents a
gene. The colors in the graph indicate the magnitude of gene expression in the sample. Red indicates
that the gene is highly expressed in the sample, and blue indicates that the gene expression is low.
Genes included have an absolute log2 fold change of more than 1 and an adjusted p-value of <0.05.
Genes involved in immunoglobulin production (e.g., IGHV1-69-2, IGHV2-70D, TMIGD3, IGLV5-
45), monocytes/macrophages (e.g., MAOA, MACIR), neutrophil activation (e.g., CD177, LCN2),
and NF-Kappa B activation were upregulated in ARDS patients, while genes associated with T-cell
activation were downregulated. (b) Baseline comparison between patients with ARDS (ARDS_B) and
those with low oxygen needs (LON_B) using CIBERSORT deconvolution analysis and comparison.
Significance is noted by: * for p-value < 0.05, *** for p-value < 0.001 and **** for p-value < 0.0001.
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Figure 3. (a) Heatmap depicting the gene expression of differentially expressed genes (DEGs)

comparing COVID-19 patients with ARDS at any given time by day 7 of hospital admission (ARDS_7)
and those who did not (LON_7). Each column in the figure represents a sample, and each row
represents a gene. The colors in the graph indicate the magnitude of gene expression in the sample.
Red indicates that the gene is highly expressed in the sample, and blue indicates that the gene
expression is low. Genes included have an absolute log?2 fold change of more than 1 and an adjusted
p value of <0.05. Genes related to lipid control (e.g., OLAH, ECHDC3, PCSK9, LPL), oxidation (e.g.,
MAOA, MAOB), polyubiquitination, and metalloproteinases were upregulated in patients who had
presented with ARDS by day 7. (b) COVID-19 patients with ARDS at any given time by day 7 of
hospital admission (ARDS_7) and those who did not (LON_7) CIBERSORT deconvolution analysis
and comparison. Significance is noted by: * for p-value < 0.05.
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Figure 4. (a) Network plot of enriched terms at baseline comparing COVID-19 patients with and
without ARDS. Target genes of each of the pathways are shown in colored circles; enriched (upregu-
lated) genes in ARDS patients are represented in red, while downregulated genes are represented
in blue, with the color intensity corresponding to increasing statistical significance. Results showed
enriched IL-6 and JAK STATS3 signaling in ARDS patients, while pathways related to Myc V2 targets
and WNT/ 3-catenin signaling were downregulated. (b) A network plot of enriched terms comparing
COVID-19 patients with ARDS at any given time by day 7 of hospital admission to those without
showed enhanced expression of IL-6, JAK-STAT3 signaling, and genes related to androgen response
in ARDS patients.

4. Discussion

The host-pathogen interaction in COVID-19 is complex and leads to heterogeneous
clinical presentations. This means that there is a particular interest in understanding the
underlying transcriptomic host response to SARS-CoV-2 infection. In this study, by stratify-
ing patients according to oxygen requirement, we attempted to reduce the heterogeneity
in the transcriptomic profiles observed in previous studies in hospitalized COVID-19
patients [5,21,22].

Our study adds to the evidence that a dysregulated inflammatory response [5,25,26] is
the major driver behind severe pneumonia in SARS-CoV-2 infection. Patients with ARDS
at baseline showed an upregulation of genes related to IL-6 and JAK-STAT3 signaling
and neutrophil activation, as seen in other studies [5,17,19], a downregulation of T-cell
activation, and a subsequent loss of CD4* T cells [5,20]. We also observed an increased
expression of genes related to reactive oxygen species metabolism at baseline in ARDS,
an increase that a previous study had reported at later stages of COVID-19 [5]. This
discrepancy is likely explained by a delay in hospital admission in our cohort since many of
the patients presented to the emergency department with already established ARDS. Our
findings concur with other transcriptomic studies that have encountered an upregulation
of genes related to protein polyubiquitination [19] and metalloproteinases [27] in later
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stages of COVID-19 induced ARDS. On the other hand, in non-ARDS COVID-19 patients,
we observed an increased expression of Wnt/ 3-catenin signaling and Myc V2 targets, a
subgroup of genes regulated by Myc. Wnt/3-catenin pathway components modulate
T-cell priming and infiltration [28] and negatively regulate NF-kB [29], thus enhancing
viral tolerance and limiting inflammation. Myc, in addition to its well-known role in
cancer, directly programs immune suppression by inhibiting macrophage activation [30]
and preventing endothelial inflammation [31].

Our results further highlight the importance of long non-coding RNAs [32] and microR-
NAs [33] as emerging regulators in SARS-CoV-2 infection. Patients with ARDS at baseline
presented higher levels of CLRN1-AS1, a IncRNA that inactivates the Wnt/ 3-catenin sig-
naling pathway [34], and IRAIN, which enhances the formation of an intrachromosomal
promoter loop of IGFIR [35]. Higher serum levels of IGF1R correlate with COVID-19
mortality [36]. On the other hand, the expression of the IncRNAs A2M-AS1, LEF-AS1, and
RORA-AS-1 was significantly decreased in patients with ARDS. A2M-AS1 probably has
an anti-proliferation and pro-apoptosis effect [37], and LEF1-AS1 and RORA-AS-1 have
been found to be involved in T cell differentiation in COVID-19 patients [38]. The de-
creased levels of A2M-AS-1 in severe COVID-19 patients are in accordance with a previous
study [39].

Our study has several limitations that should be acknowledged. Firstly, the majority
of patients correspond to the first wave, in which lineage A predominated [40]. Subsequent
SARS-CoV-2 variants and subvariants might have elicited different host responses. Sec-
ondly, the sample size was relatively small—only 60 patients, of whom only 19 developed
ARDS. However, one of the strengths of the study is that the patients were followed up
every day, which allowed an accurate assessment of their respiratory status. Additionally,
our results are validated by the concordance of the cell composition of the samples studied
with previous studies performed on single-cell RNA sequencing [41-44].

In conclusion, we found a dysregulated inflammatory response in COVID-19 ARDS
patients with an increased expression of genes related to pro-inflammatory molecules and
neutrophil and macrophage activation at admission, in addition to the loss of immune
regulation. This led to a higher expression of genes related to reactive oxygen species,
protein polyubiquitination, and metalloproteinases. These results should now be assessed
in new studies with other variants (Omicron subvariants) and in populations with preexist-
ing immunity.
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In addition to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), humans are
also susceptible to six other coronaviruses, for which consecutive exposures to antigenically
related and divergent seasonal coronaviruses are frequent. Despite the prevalence of COVID-
19 pandemic and ongoing research, the nature of the antibody response against severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is unclear. Here we longitudinally profile
the early humoral immune response against SARS-CoV-2 in hospitalized coronavirus disease
2019 (COVID-19) patients and quantify levels of pre-existing immunity to OC43, HKU1 and
229E seasonal coronaviruses, and find a strong back-boosting effect to conserved but not
variable regions of OC43 and HKU1 betacoronaviruses spike protein. However, such antibody
memory boost to human coronaviruses negatively correlates with the induction of IgG and
IgM against SARS-CoV-2 spike and nucleocapsid protein. Our findings thus provide evidence
of immunological imprinting by previous seasonal coronavirus infections that can potentially
modulate the antibody profile to SARS-CoV-2 infection.
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ARTICLE

ince January 2020, the Severe Acute Respiratory Syndrome

Coronavirus 2 (SARS-CoV-2) virus has been spreading

globally causing the first documented pandemic of cor-
onavirus in historyl»2. SARS-CoV-2 is a betacoronavirus that
belongs to a large family of viruses capable to infect both mam-
mals and birds. Humans are susceptible to at least other six
viruses from the genus alpha and betacoronavirus’. All of them
typically cause respiratory illness but to a different extent. While
SARS-CoV-1 and Middle East Respiratory Syndrome Cor-
onavirus, are highly pathogenic betacoronaviruses that have
caused zoonotic outbreaks in humans in the last 20 years*>, the
alphacoronaviruses 229E and NL63, and the betacoronaviruses
OC43 and HKUI, frequently cause mild upper respiratory tract
disease and have been circulating in humans as seasonal
viruses>®. The ongoing pandemic of coronavirus disease 2019
(COVID-19), the disease caused by SARS-CoV-2, is still chal-
lenging healthcare systems and the research community. SARS-
CoV-2 can cause a different range of clinical manifestations, from
asymptomatic to severe respiratory syndrome. However, a high
percentage of severe cases have been reported and estimated
numbers of patients that succumbed to COVID-19 disease are
more than 3 million according to WHO as May 202127 (https://
covid19.who.int/). Many vaccine candidates are being tested in
clinical trials and several have already been authorized for use in
the population®-19. However, we are still in an early phase and
studies regarding vaccine effectiveness in special populations are
needed. Similarly, longevity of the humoral immunity after
infection and vaccination is still an ongoing debate.

One of the main targets of antibody responses to coronaviruses
is the spike, the surface glycoprotein that mediates attachment to
the host receptor and membrane fusion. Two subunits can be
identified, the S1 subunit containing the receptor-binding domain
(RBD), essential for binding to the entry receptor!!~13; and the
S2 subunit, responsible of virus cell fusion'4. Different human
coronaviruses use different domains to bind their human recep-
tors and to mediate cell entry. While the human endemic beta-
coronaviruses OC43 and HKUI, bind to sialic acids, 229E
alphacoronavirus uses human aminopeptidase N as a cellular
determinant for susceptibility'>!6. NL63, SARS-CoV, and SARS-
CoV-2, in contrast, need direct interaction with the angiotensin-
converting enzyme 2 to infect cells!®!7. Therefore, antibodies
directed against the RBD of human coronaviruses are capable to
neutralize the virus!>!$19 and no cross-reactive neutralizing
antibodies among seasonal human coronavirus are expected due
to the high specificity of this process and the sequence divergence
between the RBD of these viruses?0-23. In addition, the more
cross-reactive viral nucleoprotein (N) has also shown to be
immunogenic and induce antibodies in COVID-19 patients.
However, in contrast to RBD antibodies, N antibodies are not
able to neutralize the virus in tissue culturell,23:24,

Several studies have demonstrated that T cells can recognize
homologous epitopes shared between different endemic
coronaviruses?>=30, However, serum cross-reactivity between
conserved epitopes from SARS-CoV-2 and seasonal human cor-
onaviruses is still under investigation?>31-33 and the role of pre-
existing humoral immunity and immunodominance for B cell
responses needs to be addressed. Immune imprinting (or original
antigenic sin), refers to the preference of the immune system to
recall existing memory cells, rather than stimulating de novo
responses when encountering a novel but closely related
antigen34. This has been shown for viruses like influenza virus, in
which subsequent infections with antigenically related strains
produce a recall response or ‘back-boosting’ that generates an
increase in antibody titers toward epitopes shared between the
current and the historic strains encountered earlier in life3>-38.
Boost of cross-reactive antibody responses can also occur for

viruses like dengue virus (DENV) upon secondary infections with
a different serotype3%40, In this case, specific titers to the original
DENV were higher than those specific to the second infecting
DENV upon secondary DENV infection!:42,

Here, we profile the antibody responses of a longitudinal
cohort of hospitalized patients with COVID-19. We characterize
de novo antibody responses against SARS-CoV-2 and pre-
existing immunity against selected endemic coronavirus being
targeted by the humoral immune system to investigate the role of
immunological imprinting on COVID-19 patients’ antibody
response. We show that the induction of antibodies against
conserved epitopes of seasonal coronaviruses may hinder the
induction of specific antibodies toward divergent SARS-CoV-2
antigens. This study provides a dynamic characterization of the
co-evolving nature of antibody responses to human cor-
onaviruses, both seasonal and pandemic, and contributes to a
better understanding of cross-reactive antibody responses and B
cells immunodominance against human coronaviruses.

Results

The BACO cohort. Thirty-seven COVID-19 patients were
recruited at the University Hospital of Bellvitge during the first
wave of SARS-CoV-2 in Barcelona (Spain) from March 26, 2020
to May 28, 2020. Mean age was 65 years and 67% were male.
Chronic comorbidities were frequent among COVID-19 patients
(25, 67.7%). In particular, 16 (43.2%) of patients were obese (body
mass index >30) at the time of hospitalization. A high percentage
of patients had respiratory symptoms, such as coughing (26,
70.3%) and dyspnea (14, 37.8%), whereas diarrhea was also
present in seven (18.9%) of the patients. While no remdesivir was
available, lopinavir/ritonavir was used for 17 (45.9%) patients. All
patients, except one (36, 97.3%), developed SARS-CoV-2 viral
pneumonia and four (10.8%) required intensive care unit
admission. Five (13.5%) patients died. Demographics, clinical
characteristics, interventions, such as drug therapy and outcomes
are detailed in Table 1.

Acute blood samples were collected longitudinally in the
BACO cohort at the recruitment upon hospital admission, and at
days 3 and 7 in 33 (89.1%) and 22 (59.4%) patients, respectively.
Mean time from symptom onset to inclusion in the study was
7 days (range 2-14). Most of the patients (25, 67.5%) were
recruited within the first week of symptom onset, whereas 12
(32.4%) patients had longer periods until hospitalization.
COVID-19 survivors were followed up in the convalescence
period and 28 out of 32 survivors (87.5%) had another blood
draw after hospital discharge with a mean time of 46 days post
recruitment (range, 30-56 days).

COVID-19 patients developed anti-SARS-CoV-2 antibodies
linked to back-boosting of antibodies against S2 domain of
betacoronaviruses. To profile the early antibody response in
COVID-19 patients, we investigated the levels of neutralizing
antibodies against authentic SARS-CoV-2 virus and IgG/IgM
ELISAs against multiple antigens including the full-length spike
(S), the spike RBD S and the N of SARS-CoV-2. IgG and IgM
levels were quantified as area under the curve (AUC) by plotting
normalized optical density (OD) values against the reciprocal
serum sample dilutions for ELISAs (Supplementary Fig. 1A). To
improve visualization, the longitudinal antibody profile of each
individual patient together with the geometric mean titer (GMT,
CI 95%) at each time point is shown for AUC ELISA and neu-
tralizing titers in Fig. 1A and Supplementary Table 1. All patients
developed detectable levels of neutralizing antibodies at day 7
post recruitment while levels remained stable during the con-
valescent phase, except for two survivors. Similar responses were

2 | (2021)12:3781] https://doi.org/10.1038/s41467-021-23977-1| www.nature.com/naturecommunications


https://covid19.who.int/
https://covid19.who.int/
www.nature.com/naturecommunications

ARTICLE

Table 1 Demographics and clinical characteristics of the
BACO cohort.
Total (n=37)
Demographics and comorbidities
Age (mean, IQR) 67 (25)
Men (n, %) 25 (67.6)
Comorbidities (n, %) 25 (67.7)
Lung disease (n, %) 7 (18.9)
Diabetes mellitus 7 (18.9)
Heart disease (n, %) 5 (13.5)
Kidney disease (n, %) 3(8.1)
Obesity (n, %) 16 (43.2)
SOTR (n, %) 12.7)
Signs and symptoms
Days from symptom onset to enrollment 7.9 (2-14)
(mean, range)
Days of fever (mean, range) 4.68 (0-12)
Throat ache (n, %) 4 (10.8)
Cough (n, %) 26 (70.3)
Dyspnea (n, %) 14 (37.8)
Diarrhea (n, %) 7 (18.9)
Sp02 < 94% (n, %) 14 (37.8)
Drug therapy
Hydroxychloroquine (n, %) 36 (97.3)
Lopinavir/Ritonavir (n, %) 17 (45.9)
Tocilizumab (n, %) 10 (27)
Antibiotics (n, %) 19 (51.4)
Corticosteroids (n, %) 18 (48.6)
Outcomes
Pneumonia (n, %) 36 (97.3)
ICU (n, %) 4 (10.8)
Days from hospitalization to ICU (mean, range) 9.5 (5-12)
Days in ICU (mean, range) 15 (15-22)
Non-mechanical ventilation (n, %) 1 (29.7)
Mechanical ventilation (n, %) 2 (5.4)
Nosocomial co-infection (n, %) 2 (5.4)
Mortality (n, %) 5 (13.5)
Days of hospitalization (mean, range) Mn.2 (2-47)
SOTR solid organ transplant recipient, SpO2 < 94% pulse oximetry below 94%, ICU intensive
care unit.

found by ELISA, although higher levels of antibodies against IgG
S compared to IgG RBD were present. When comparing to the
induction of anti-spike antibodies, the IgG isotype reached higher
titers than the IgM isotype, whereas anti-N protein IgG had
similar induction than the anti-S IgG. We then determined fold
increase of antibody titers from baseline levels. Overall, all
patients had a high induction of SARS-CoV-2 S and RBD anti-
bodies at day 7 post recruitment. IgG titers against the S and RBD
of SARS-CoV-2 remained stable at the convalescent time point
with similar levels compared to peak titers at day 7. By contrast,
IgM against the S, IgG against N and neutralizing titers against
authentic SARS-CoV-2 virus decreased to levels resembling those
at day 3. Geometric mean fold rise (GMFR) and adjusted p values
on pairwise comparisons after related samples Friedman’s two-
way ANOVA at each time points are shown Fig. 1B. We next
tested the correlation between neutralization activity and levels of
anti-SARS-CoV-2 antibodies. Scatterplot matrices shown in
Supplementary Fig. 2 indicate that the antibodies detected against
SARS-CoV-2 antigens correlated well with neutralizing activity,
with Pearson R? ranging from 69 to 81% in the case of IgG
against the RBD S of SARS-CoV-2.

The S gene of SARS-CoV-2 is highly divergent from human
seasonal coronaviruses (hCoV). Infection with endemic hCoV in
humans happens frequently>®43, causing mild respiratory
disease. Multiple sequence alignment (MSA) between the S of

SARS-CoV-2 and selected seasonal coronaviruses showed amino
acid identity ranging from 28% for alphacoronaviruses (229E)
and 32.5% and 33% for betacoronaviruses (OC43 and HKUI,
respectively). To identify conserved amino acid regions, we also
estimated the relative conservation scores of the S protein of
SARS-CoV-2 using the chain A of the SARS-CoV-2 spike protein
in the closed state as a reference. MSA and relative amino acid
conservation was determined by using the ConSurf server.
Figure 2A shows the conservation score for each amino acid
position and projected on the S protein structure. Evolutionary
conservation analysis showed that the S2 subunit had the highest
degree of identity among the sequences tested. Given the high
probability of previous exposure to seasonal coronaviruses in the
BACO cohort, we screened levels of antibodies against the spike
of alphacoronavirus 229E and betacoronaviruses HKU1, OC43.
Antigens tested included full-length S protein for all three
endemic coronaviruses together with the less conserved HKU1
S1 subunit (Supplementary Fig. 3A). Remarkably, COVID-19
patients exhibited an outstanding back-boosting of antibodies to
the beta- CoV spikes tested, with similar a longitudinal profile as
the one observed for the SARS-CoV-2 spike and for SARS-CoV-2
neutralizing titers (Fig. 3A). The back-boost was higher at day 7,
with a GMFR from baseline levels of 3.8 and 4 for HKU1 S and
OC43 S, respectively (Fig. 3B, Supplementary Table 1). While IgG
levels against 229E were already high at baseline, no increase was
detected at any time point during the follow-up on patients with
COVID-19. Interesting, no back-boosting was found when we
tested antibody titers against the more divergent S1 subunit of
HKU1, pointing to an increase of immune responses towards
conserved epitopes of the S2 subunit of the spike protein of beta-
human coronaviruses. Similar to influenza viruses, HKU1 and
OC43 use sialic acids as canonical receptor to infect human
cells!®. This is mediated by an additional surface protein in these
viruses with hemagglutination (HA) activity (hemagglutinin-
esterase (HE) protein). No increase in OC43 HA inhibitory
antibodies was found in COVID-19 patients, consistent with the
lack of HE in SARS-CoV-2. Longitudinal profile and fold increase
antibody titers to selected seasonal human coronaviruses antigens
are shown in Fig. 3 and Supplementary Table 1.

To test whether the antibody response characterized in the
BACO cohort correlated with disease trajectory, we grouped
patients according to disease phenotype. Patients were assigned as
mild/moderate (N=26, 70.3%) or severe/severe end-of organ
disease (EOD, N=11, 29.7%) based on a previously described
severity scale*®. No statistically significant differences were found
between humoral immune response in patients with mild and
severe/severe EOD disease, but the latter tended to have a delay in
the antibody response towards SARS-CoV-2 antigens compared to
moderate cases (Fig. 4A). Patients with severe disease had lower Ct
values, and therefore higher viral loads (Fig. 4B). Besides, a positive
correlation was found between anti- SARS-CoV2 antibodies and
mean Ct values in paired nasopharyngeal swabs of COVID-19
patients acknowledging an interplay between antibodies and virus
control and disease severity in COVID-19 patients. However, no
correlation was found between antibodies against seasonal
coronaviruses and viral loads in the BACO Cohort (Fig. 4C).

Immunological imprinting results in a bias in the induction of
antibodies to conserved vs. variable regions of the SARS-COV-
2 spike. Given the strong back-boosting observed to the con-
served epitopes of the S domains of human betacoronaviruses in
patients with COVID-19, we next investigated whether a strong
back-boosting might reduce the induction of de novo humoral
immune responses against specific epitopes of the spike of SARS-
CoV-2 defined as fold induction over baseline levels.
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Fig. 1 Longitudinal antibody response to SARS-CoV-2 antigens. Serum from hospitalized COVID-19 patients was analyzed at baseline, at hospital
recruitment and days 3 and 7. A subsequent sample was collected in the convalescence period in the COVID-19 survivors with mean time of 46 days.
A Longitudinal profile of antibodies against SARS-CoV-2. Antibody titer was quantified as area under the curve (AUC) after serial serum dilution for each
sample (Supplementary Fig. 1). Calculated AUC at each time is shown to quantify changes over time for each individual (small dots) against
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diagram of geometric mean fold rise (GMFR) antibody titers against SARS-CoV-2 at the same time points: IgG spike, IgG RBD, IgM spike and IgG NP; and
neutralizing activity (nAb). Related-samples Friedman's two-way ANOVA was performed. Significant adjusted p values after pairwise comparisons are
shown for each comparison. Black bar indicates GMFR values, box indicates IQR (Q1-Q3), lines indicate minimum and maximum. Outliers from the
observed distribution are shown. Total n =116 biologically independent serum samples (day O =37, day 3=29, day 7 =22, day 46 =28). n=116
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Fig. 2 Conservation of SARS-CoV-2 S protein. A Multiple sequence
alignment was generated by the ConSurf algorithm (https://consurf.tau.ac.il)
using the chain A of the SARS-CoV-2 spike protein in the closed state (PDB
ID 6VXX) as a reference. Amino acid conservation scores were classified into
nine levels. Structure of the SARS-CoV-2 S protein (chain A) with amino acid
residues colored according to conservation on a scale from green (1, most
variable) to dark purple (9, most conserved) is also shown.

To test this hypothesis, we examined the relationship between
pre-exposure to HKU1, OC43, and 229E viruses and the
induction of SARS-CoV-2 S, RBD, and N antibodies in our
cohort, and determined Pearson correlation coefficients between
IgG levels at baseline against seasonal human coronaviruses and
the fold induction of SARS-CoV-2 antigens at days 3, 7 and
convalescence. Pearson correlation matrices according to seasonal
coronavirus subtype are shown in Fig. 5. Striking differences were

found according to virus types. While pre-existing IgG levels
against HKU1 and OC43 spike protein negatively impacted the
induction of de novo IgG and IgM against SARS-CoV-2 antigens,
including S and N protein (Fig. 5A, B), no influence was found
when testing the relationship between pre-existing anti-229E
spike IgG levels (Fig. 5D). Moreover, correlations became
stronger over time, and while this correlation was lower at day
3, a stronger correlation was found at day 7, and convalescence
time points in the surviving patients. Besides, a comparable
performance was observed when testing the subsequent induction
of the IgG antibodies against the variable RBD domain of SARS-
CoV-2 spike. This result suggests that pre-existing immunity
against seasonal betacoronaviruses biases the humoral response
towards betacoronaviruses cross-reactive antibodies in detriment
of antibodies against the more divergent and antigenically unique
domains of the S of SARS-CoV-2, such as those of the RBD
domain (Fig. 5A, B). This was also evidenced by the lack of
impact of pre-existing HKU1 S1 IgG levels (S1 is divergent and
harbors the RBD) on specific SARS-CoV-2 antibodies induction
(Fig. 5C). Thus, only the levels of antibodies against cross-reactive
epitopes of human betacoronaviruses had an effect on the
subsequent antibody response to SARS-CoV-2 unique spike
antigens. Because neutralization activity has been linked to in vivo
protection after challenge with SARS-CoV-24°, we also tested if
immune imprinting could hinder the induction of neutralizing
antibodies against SARS-CoV-2. No significant correlation was
found. However, linear regression analysis determined a stan-
dardized beta coefficient of —0.32 (95% CI —0.35-0.05, p =0.13)
and —0.31 (95% CI —0.28-0.02, p=0.1) at day 7 and
convalescence time points, respectively, for pre-existing
HKU1 spike antibody levels approximating a negative impact of
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Fig. 3 Longitudinal antibody response to selected seasonal human coronaviruses antigens. Serum from hospitalized COVID-19 patients was analyzed at
baseline, at hospital recruitment and days 3 and 7. A subsequent sample was collected in the convalescence period in the COVID-19 survivors with mean
time of 46 days. A Longitudinal profile of antibodies against betacoronavirus (HKU1 and OC43) and alphacoronavirus (229E) antigens. Antibody titer was
quantified as area under the curve (AUC) after serial serum dilution for each sample (Supplementary Fig. 1). Calculated AUC at each time is shown to
quantify changes over time for each individual (small dots) against immunoglobulin G (IgG) HKU1 spike, IgG HKU1 ST, IgG OC43 spike and 1gG 229E.
Geometric mean titer (GMT, big dots) and confidence interval (Cl 95%) are also shown. Hemagglutination inhibition (HI) assay were also performed for
0C43 and GMT of end point titers are shown at each time point. B Boxplot diagram of geometric mean fold rise (GMFR) antibody titers against seasonal
coronaviruses at the same time points: 1IgG HKU1 spike, 1IgG HKU1 ST, IgG OC43 spike and 1gG 229E; and Hl titer. Related-samples Friedman's two-way
ANOVA was performed. Significant adjusted p values after pairwise comparisons are shown for each comparison. Black bar indicates GMFR values, box
indicates IQR (Q1-Q3), lines indicate minimum and maximum. Outliers from the observed distribution are shown. Total n =116 biologically independent
serum samples (day 0 =37, day 3 =29, day 7 =22, day 46 = 28). n =116 biological samples examined against four different seasonal coronavirus
substrates for ELISA assays; ELISAs for each substrate were run once each. N =116 serum samples examined over two independent experiments for

hemagglutination assays.

HKUI pre-existing immunity on induction of neutralizing
antibodies against SARS-CoV-2 in COVID-19 patients over time
(Fig. 6A). A similar trend was found for the levels of pre-existing
antibodies against the OC43 spike (Fig. 6B). Interestingly, the
impact of back-boosting on IgM against the S protein was smaller
when compared to IgG S or RBD. Scatterplots and the predicted
regression lines for the relationship of induction of antibodies
against SARS-CoV-2 and pre-exposure to betacoronaviruses are
shown in Fig. 5A-D according to time points in the longitudinal
follow-up. To assess neutralization potency according to the levels
of pre-existing levels of seasonal coronaviruses, we normalized
levels of IgG against seasonal human coronavirus antigens by the
levels of anti- spike IgG from SARS-CoV-2 virus at the same time
points. This analysis allows for comparison of high vs. low
presence of pre-existing antibodies toward OC43, 229E, or HKU1
(antibodies at baseline) against the elicitation of SARS-CoV-2
antibodies over the observation course. We then tested whether
those patients with higher hCoV/SARS-CoV-2 IgG ratio had
lower induction of neutralizing antibodies. After linear regression
analysis some disparities were found (Fig. 7). In general, the
higher hCoV/SARS-CoV-2 IgG ratio for HKU1 and OC43 IgG S
at baseline and day 3, the lower was the induction of antibodies
with neutralizing activity to SARS-CoV-2, suggesting some
limitations for the ability to elicit robust protective antibody
responses against novel antigenic epitopes of SARS-CoV-2 in
patients with high levels of cross-reactive antibodies against
circulating betacoronaviruses.

Finally, and to test whether imprinting on B cell compartment
could also influence antibody responses against more divergent
mutated spike proteins from SARS-CoV-2 variants, we measured

antibody responses against the spike protein of two SARS-CoV-2
variants. These variants, B.1.1.7 and B.1.351 emerged in late 2020
in United Kingdom and South Africa, respectively. Both B.1.1.7
and B.1.351 bear a N501Y mutation within the RBD while
B.1.351 contains also K417N, E484K changes. In addition, further
mutations can be found outside of the RBD domain. We
performed ELISA against the B.1.1.7 and B.1.351 RBDs as well as
neutralization assays against the authentic hCoV-19/England/
204820464/2020 (B.1.1.7) and hCoV-19/South Africa/KRISP-
K005325/2020 (B.1.351) variants. Interesting, when percentage
of decrease compared to the reference was calculated, we found
that responses targeting the RBD dropped from 50 to almost
100% for B.1.1.7 and B.1.351, respectively (Fig. 8A). In contrast,
neutralizing titers against B.1.1.7 were similar to USA-WA1/2020,
while percentage of decrease respect to B.1.351 was around 50%,
indicating presence of neutralizing antibodies directed against
epitopes different to those contained in the RBD, such as those
directed against the N-terminal domain (Fig. 8B). Finally, we
calculated Pearson correlation coefficients to examine the
relationship between seasonal coronavirus HKU1 and OC43
pre-existing immunity and the ELISA antibody responses against
the mutated RBDs. Pearson correlation matrices in Fig. 8C, D
shows the relationship between pre-existing antibody levels
against OC43 and HKU1 and fold induction against RBDs
containing N501Y only, or N501Y, K417N, and E484K muta-
tions. No significant correlation was found between pre-exposure
to seasonal coronaviruses and responses against the mutated
RBDs. The BACO cohort presented in here was enrolled in the
first wave of SARS-CoV-2 in Spain, and the likelihood of being
infected against a similar variant to Wuhan-Hu-1 is high. It is
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Fig. 4 Antibody response according to disease severity and viral loads in the BACO cohort. A Boxplot diagram of ELISA as area under the curve (AUC)
titers against SARS-CoV-2 and endemic human coronaviruses at each time point in mild/moderate vs. severe COVID-19: IgG spike, IgG RBD, IgM spike
and IgG NP; and neutralizing titer (IC50%); and HKUT IgG spike, HKU1 IgG S1 subunit, OC43 IgG spike and 229E IgG spike; and OC43 hemagglutination
titers. Black bar indicated median values, box indicates IQR (Q1-Q3), and lines indicate minimum and maximum. Outliers from the observed distribution
are shown when present in each case. Total n =116 biologically independent serum samples (day 0 =37, day 3 =29, day 7 =22, day 46 =28). n=116
biological samples examined against eight different SARS-CoV-2 and seasonal coronavirus substrates for ELISA assays; ELISAs for each substrate were run
once each. N =116 serum samples examined over two independent experiments for neutralization and hemagglutination assays. B Boxplot diagram of
mean threshold cycle (Ct) values in mild/moderate vs. severe COVID-19 during the follow-up. N protein was detected by RT-qPCR. Black bars indicate
median values, the box indicates IQR (Q1-Q3), and lines indicate minimum and maximum. Outliers from the observed distribution are shown when present
in each case. Total n =93 biologically independent nasopharyngeal swab (day 0 =37, day 3 =28, day 7 =22, day 46 = 6). n =93 biological samples
examined against two different SARS-CoV-2 primers over two independent experiments each. Mann-Whitney U test for independent samples was
performed. Reported p values are based on two-tailed tests. € Scatterplot of the relationship between measured SARS-CoV-2 and seasonal coronaviruses
antibody responses and Ct values in the COVID-19 patients. Pearson coefficient of statistically significant correlations is indicated in red. Matrix axis are
log10 values scaled from O to 4. Total n =93 biologically independent nasopharyngeal (NP) swab and 93 paired serum samples. Pearson correlation was
calculated based on matched NP and serum samples. P values for statistically significant values are shown and based on two-tailed tests. Source data are
provided as a Source Data File.
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Fig. 5 Immunological imprinting on SARS-CoV-2 antibody response. A, B Heat map of Pearson correlation matrices between pre-existing levels of
seasonal hCoV (A IgG HKU1S; and B IgG OC43 S) and fold induction of SARS-CoV-2 antibodies at each time point: neutralizing (nAb), 1gG spike, 1gG RBD,
IgM spike and IgG NP. Statistically significant correlations in the underlined intersections are indicated with asterisk (*); D3: day 3; D7: day 7; C:
convalescence. C, D Scatterplot of baseline IgG levels for HKU1 and OC43 S protein and fold induction of SARS-CoV-2 antibodies: neutralizing (nAb), 1gG
spike, I1gG RBD. Overlay shows relationship with induction of de novo antibodies against SARS-CoV-2 at each time point. Fitted linear regression and
standardized beta coefficient (95% confidence interval, Cl) for significant linear regressions are shown.

likely that the drop on RBD titers for the variants is responsible
for the lack of detection of an imprinting effect with these
variants.

Discussion

Our findings provide a dynamic characterization of the antibody
response to SARS-CoV-2 in COVID-19 patients and provide
evidence of immune imprinting in these patients. Our results
demonstrate back-boosting in the BACO cohort against the
conserved epitopes of the spike protein of OC43 and HKU1
betacoronaviruses. No induction was detected for the variable

regions of these viruses, such as the S1 domain, or to more
divergent seasonal alphacoronaviruses, such as 229E. Although
antibody cross-reactivity has been reported in cross-sectional
studies22232532 our cohort has allowed for quantification and
detailed representation of the longitudinal outcome of the
immune response by taking into consideration past exposure to
related antigens. Neutralization activity of antibodies might be
used as a proxy for protection against SARS-CoV-2 infection4647,
IgG responses to the spike and RBD of SARS-CoV-2 showed
persistence over the time period of our study with slight changes
in antibody levels in convalescent sera as compared to the peak of
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Fig. 6 Cross-reactivity with conserved epitopes against selected betacoronaviruses predicts negative influence on de novo anti-SARS-CoV-2 antibody

responses. A-D Scatterplot of baseline IgG levels for HKU1, OC43 and 229E

S protein; and HKUT1 S1 and fold induction of SARS-CoV-2 antibodies:

neutralizing (nAb), 1gG spike, 1gG RBD, IgM spike, and nucleoprotein. Overlay shows relationship with induction of de novo antibodies against SARS-CoV-2
at each time point. Fitted linear regression and standardized beta coefficient (95% Confidence Interval, Cl) for significant linear regressions are shown.

Reported p values are based on two-tailed tests.

antibody induction at day 7. Importantly, immunity to other
betacoronavirus spikes, like HKU1 and OC43, limited the
induction of de novo responses to all SARS-CoV-2 antigens
tested. All patients also developed detectable levels of spike IgG/
IgM and N IgG. Although no significant correlation was found
between pre-exposure to seasonal coronaviruses and induction of
protective antibodies with neutralizing activity, simple linear
regression estimated a negative relationship, and the predicted
line approximated a negative influence on development of de
novo neutralizing antibodies over time. Similarly, baseline anti-
body levels to HKU1 or OC43 spike after SARS-CoV-2 IgG levels

8

normalization limited the induction of neutralizing antibody
levels after in the follow-up.

While we could not find statistically significant differences for
antibody levels in patients with mild vs. severe disease, the latter
showed a delay in antibody responses. Moreover, anti-SARS-
CoV-2 antibodies inversely correlated with viral loads in
respiratory samples, whereas virus clearance could not be linked
to back-boosting of antibodies toward the S2 subunit of the
seasonal human coronaviruses. Importantly, several reports have
shown cross-reactivity between pre-existing memory T cells to
seasonal coronaviruses and SARS-CoV-22>%8 pointing to a
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potential role of heterologous immunity as an additional
mechanism of protection or even differences on COVID-19
outcomes. However, our results allow for a contrasting hypothesis
in which early priming of the memory B cell compartment due to
pre-exposure to seasonal coronaviruses could dampen secondary
responses toward new epitopes of SARS-CoV-2. Nonetheless, all
patients from the BACO cohort developed antibody responses
against SARS-CoV-2 antigens and specific neutralizing anti-
bodies. In addition, SARS-CoV-2 is evolving, and some variants
including 501Y spike mutations have emerged and rapidly spread
in countries, such as UK, South Africa, and Brazil (https://www.
who.int/csr/don/31-december-2020-sars-cov2-variants/en/).
These variants contain mutations that introduce amino acid
changes in RBD residues targeted by neutralizing antibodies and
therefore have functional significance. There is a general concern
on whether new emerging variants (also known as variants of
concern, VOC) could evade immunity generated not only by
previous infections but also vaccination causing a drop on the
effectiveness of COVID-19 vaccines. It is possible that first-
generation COVID-19 vaccines will need to be updated according
to the circulating variants in the future.

Our observation has important impact of on the development
of COVID-19 vaccines and the potential interactions with pre-
existing immunity should be taken into consideration in the
path to optimal vaccines. COVID-19 vaccines in use aim at
the induction of responses against the full-length S protein of
SARS-CoV-2%%, which is known to contain cross-reactive non-
neutralizing epitopes that are shared with seasonal human beta-
coronaviruses. A similar scenario to our studies in infected people

could be proposed for the vaccines, with some differences due to
the nature of the stimulus itself. Back-boost of cross-reactive
antibody responses might lead to less protective antibodies
directed against non-neutralizing conserved epitopes between the
S antigen of the vaccine and the S proteins of seasonal human
betacoronaviruses®®. On the other hand, it is also possible that
cross-reactive antibodies provide protection from severe disease
outcomes by immune mechanisms of action different from those
involved on in vitro virus neutralization, such as antibody-
dependent cytotoxicity. That is the case for broadly cross-reactive
and non-neutralizing anti-influenza antibodies targeting the
conserved stalk domain of the hemagglutinin protein of influenza
viruses. HA stalk antibodies can mediate antibody-dependent cell
cytotoxicity, contributing to protection from disease severity
independently of neutralizing activity’!. Whether in vitro non-
neutralizing anti-SARS-CoV-2 antibodies contribute to protec-
tion or disease or are neutral is still not clear.

Our study has several limitations. We comprehensively char-
acterized antigen specificity, neutralization potency, and viral
cross-reactivity against multiple coronaviruses over time. How-
ever, the number of subject enrolled remained relatively small due
to the challenges and restrictions faced by the hospitals during the
initial spread of SARS-CoV-2, underpowering the conclusions of
this study. In addition, all the patients enrolled required hospi-
talization, and the pre-existing immunity of asymptomatic or
mild cases of COVID-19 could not be characterized in this study.
Still, our results demonstrate that the antibody response against
SARS-CoV-2 infection and, potentially vaccination, is influenced
by imprinting of the B cell compartment due to previous
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Fig. 8 Imprinting and antibody response against emerging variants of SARS-CoV-2. A ELISA against the receptor-binding domains (RBDs) of Wuhan-
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exposure to seasonal human betacoronaviruses. This is consistent
with additional recent studies33. It will be important to investigate
the potential functional consequences of this imprinting in the
induction of protective immune responses after SARS-CoV-2
infection and vaccination in the long term, and in the very likely
case that the current pandemic evolves into epidemic outbreaks.

Methods

Experimental model and subject details: The BACO cohort. An observational
prospective human cohort study of COVID-19 was carried out during the first
pandemic wave (March-May 2020) of SARS-CoV-2 in Barcelona (Spain) and was
termed the BACO Cohort. A positive case was defined according to international
guidelines when a nasopharyngeal (NP) swab tested positive for SARS-CoV-2 by
reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) upon
hospital admission. All patients or their legally authorized representatives provided
informed consent. Serum and samples were collected at the enrollment in the study
(baseline), and at days 3 and 7 post enrollment. A convalescence sample was
collected from survivors after recovery and hospital discharge with a mean time of
46 days (range, 30-56 days). The total number of serum samples was 116. Data on
demographics, including age and sex, comorbidities, clinical signs and symptoms,
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interventions, and outcomes are described in Table 1. Severity of COVID-19 was
assigned following a described severity scale based on oxygen saturation (SpO5),
presence of pneumonia/imaging, oxygen support defined as use of high-flow nasal
cannula (HFNC), non-rebreather mask (NRB), bilevel positive airway pressure
(BIPAP) or mechanical ventilation (MV); and kidney (creatinine clearance, CrCl)
and liver (alanine aminotransferase, ALT) function*%: mild (SpO2 > 94% AND no
pneumonia), moderate (SpO2 < 94% AND/OR pneumonia), severe (use of HFNC,
NRB, BIPAP or MV AND no vasopressor use AND CrCl >30 AND ALT < 5x
upper limit of normal) and severe with end-of organ disease (Use of HFNC, NRB,
BIPAP or MV AND vasopressor use OR CrCl >30 or new HD OR ALT < 5x upper
limit of normal).

The study protocol was approved by the Institutional Review Board of
University Hospital of Bellvitge, Barcelona, Spain; and by the Icahn School of
Medicine at Mount Sinai, New York, US.

Cell lines. Vero E6 cells were originally purchased from the American Type
Culture Collection (ATCC, Cat# CRL-1586). Cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) w/ L-glutamate, sodium pyruvate (Corning)
supplemented with 10% fetal bovine serum (FBS), 10 U penicillin per ml, and

10 mg streptomycin per ml. HCT-8 human cells line was obtained from the ATCC
(Cat#CCL-24) and maintained in Roswell Park Memorial Institute 1640 medium
(Gibco) supplemented with 10% FBS, 10 U penicillin per ml, and 10 mg
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streptomycin per ml. Cell lines were supplemented with Normocyn (Invivogen,
Cat. ant-nr-1) to prevent Mycoplasma contamination.

Virus strains. SARS-CoV-2, isolate USA-WA1/2020, was initially obtained from
BEI Resources (Cat#NR-52281) and further propagated in Vero E6 cells*2. Human
coronavirus OC43 was obtained from the ATCC (Cat#VR-1558) and propagated
on HCT-8 cells following ATCC recommendations.

Microneutralization assays. Microneutralization (MN) assays for antibody
characterization were performed as described®2. Briefly, Vero E6 cells were seeded
in a 96-well cell culture plate with complete Dulbecco’s Modified Eagle Medium
(cDMEM)(Corning) [Penicillin-streptomycin (Corning), non-essential amino acids
(Corning), 10% FBS (Peak)]. The following day, heat-inactivated serum samples
were serially diluted three-fold in 1x minimum essential medium with 2% FBS with
a final volume of 200 pl. 80 ul of serum dilution was transferred to a new 96-well
plate and 600 Tissue Culture Infectious Dose 50 percent per well of SARS-CoV-2
(80 pl/well) and mixed with serum dilution and incubated for 1h at 37 °C. Then,
cDMEM was removed from Vero e6 cells and 120 pl of virus-serum mixture was
added to the cells. The cells were incubated at 37 °C for 1 h. Virus-serum mixture
was removed from the cells and 100 pl of serum dilutions and 100 ul of 1xXMEM
with 2% FBS was added to the cells. The cells were incubated for 24 h and then
fixed with 10% paraformaldehyde (Polysciences) for 24 h at 4 °C. Following fixa-
tion, the cells were washed with phosphate-buffered saline (Corning) with tween-
20 (Fisher) (PBST) and permeabilized with 0.1% Triton X-100 (Fisher) for 15 min
at room temperature. The cells were washed three times using PBST and blocked
with 3% milk in PBST for 1h at room temperature. Then, the cells were incubated
with mouse antibody 1C7 (anti-SARS N antibody, kindly provided by Dr. Moran)
at a dilution of 1:1000 in 1% milk in PBST and incubated for 1h at room tem-
perature. The cells were washed three times with PBST. Then, the cells were
incubated with goat anti-mouse IgG-HRP (Abcam, Cat. ab6823) at a dilution of
1:10,000 in 1% milk in PBST and incubated for 1 h at room temperature. The cells
were washed three times with PBST and TMBE Elisa peroxidase substrate
(Rockland) was added. After 15 min incubation, sulfuric acid 4.0 N (Fisher) was
added to stop the reaction and the readout was done using a Synergy H1 plate
reader (BioTek) at an OD450.

Recombinant proteins. The recombinant spike protein and recombinant RBD of
SARS-CoV-2 were generated and expressed as previously described in detail®>*3. In
brief, the mammalian cell codon-optimized nucleotide sequence for the soluble ver-
sion of the spike protein (amino acids 1-1213) including a C-terminal thrombin
cleavage site, signal peptide, hexahistidine tag and T4 foldon trimerization domain
were cloned into pPCAGGS mammalian expression vector. The sequence of the spike
protein was additionally modified to remove the polybasic cleavage site and two
proline residues introduced to increase protein stability. The nucleotide sequence for
the RBD (amino acids 319-541) including a signal peptide was cloned into pPCAGGS.
RBD mutants were generated in the pPCAGGS RBD construct by changing single
residues using site-directed mutagenesis. The expression plasmids encoding for the
spike of common human coronavirus 229E, OC43, and HKU1 were obtained from
the NIH (kindly provided by Kizzmekia Corbett and Barney Graham) and the
expression plasmid encoding for SARS-CoV-2 NP was constructed at Mount Sinai.
The recombinant proteins were expressed in Expi293F cells (Thermo Fisher) using
the ExpiFectamine 293 Transfection Kit (Thermo Fisher) according to the manu-
facturer’s protocol. Cell supernatant was harvested, and the proteins purified using
Ni-NTA Agarose (Qiagen). The proteins were concentrated in Amicon centrifugal
units (EMD Milipore) and correct size confirmed by reducing sodium dodecyl sulfate-
polyacrylamide gel electrophoreses. The recombinant S1 subunit of HKU1 was
purchased from Sino Biological (Cat. 40021-VO8H).

Enzyme-linked immunosorbent assay (ELISA). Ninety-six-well microtiter plates
(Thermo Fisher) were coated with 50 pL recombinant protein (RBD, SARS-CoV-2
full-length spike, SARS-CoV-2 NP, OC43 spike, 229E spike, or HKU1 spike,
respectively) at a concentration of 2 ug/mL overnight, 4 °C. The next day, the plates
were washed three times with PBS (phosphate-buffered saline; Gibco) containing
0.1% Tween-20 (T-PBS, Fisher Scientific) using an automatic plate washer (Bio-
Tek). After washing, the plates were blocked for 1 h at room temperature with 200
ul blocking solution (PBS-T with 3% (w/v) milk powder (American Bio)) per well.
The blocking solution was removed and serum samples diluted to a starting
concentration of 1:80, serially diluted 1:3 in PBS-T supplemented with 1% (w/v)
milk powder and incubated at room temperature for 2 h. The plates were washed
three times with PBS-T and 50 ul anti-human IgG (Fab-specific) horseradish
peroxidase antibody (HRP, Sigma, Cat. A0293) diluted 1:3,000 in PBS-T containing
1% milk powder was added to all wells and incubated for 1 h at room temperature.
The plates were washed three times using the plate washer and 100 pL SigmaFast o-
phenylenediamine dihydrochloride (Sigma) was added to all wells for 10 min. The
enzymatic reaction was stopped with 50 uL 3 M hydrochloric acid (Thermo Fisher)
per well and the plates read at a wavelength of 490 nm with a plate reader (BioTek).
The results were recorded in Microsoft Excel and AUC values were computed by
plotting normalized OD values against the reciprocal serum sample dilutions for
ELISAs in GraphPad Prism.

Hemagglutination inhibition (HAI) assay. Serum samples were incubated over-
night with receptor-destroying enzyme (RDE; Denka Seiken) for 16-18 h in a 37 °C
water bath. Three volumes (relative to serum) of 2.5% sodium citrate solution were
added and the resulting solution was heat inactivated at 56 °C in a water bath (30
min). Final serum dilutions were adjusted to 1:10 in PBS. OC43 virus was diluted to
a final concentration of 8 HA units/50 uL in fluorescent treponemal antibody HA
buffer (BD Biosciences). Twofold dilutions of RDE treated serum (25 pL) were
incubated with equal amount of the virus at 8 HA units/50 pL (30 min, room
temperature). Chicken red blood cells (RBCs) (Lampire Biological) at 0.5% in HA
buffer (50 uL) were added and incubated 45 min at 4 °C. The HAI titer was
determined by taking the reciprocal dilution of the last well in which serum
inhibited the HA of RBCs.

Viral loads and qRT-PCR. To detect SARS-CoV-2 RNA in nasal swabs, a modified
version of the CDC 2019-nCoV real-time RT-qPCR was used. Primers and probes
were commercially available (Integrated DNA Technologies, cat. 10006713, RUO
Kit). SARS-CoV-2 primer and probe sets consisted of two 2019-nCoV-specific sets
(N1, N2). A third primer set was used to detect host cellular RNaseP. Reactions
were run using the QuantiFast Pathogen RT-PCR + IC Kit (QIAGEN, cat. 211454).
A list of all primers used, including the names and sequences, is shown in Sup-
plementary Table 3. Assays were run using USA/WA-1/2020 SARS-CoV-2 RNA as
a positive control (20,000 genome copies per reaction) and nuclease-free water as a
non-template control in a 384-well format. Reactions were performed in duplicate
using the following cycling conditions on the Roche LightCycler 480 Instrument IT
(Roche Molecular Systems, 05015243001): 50 °C for 20 min, 95 °C for 1 s, 95 °C for
5 min, followed by 45 cycles of 95 °C for 15 s and 60 °C for 45 s. Limit of detection
for SARS-CoV-2 was determined by using a commercially available plasmid
control (Integrated DNA Technologies, cat. 10006625).

Multiple sequences alignment and conservation scores. MSA to determine the
spike protein sequence identity among SARS-CoV-2 (NC_045512.2), and the
human endemic betacoronaviruses HKU1 (YP_173238) and OC43
(YP_009555241.1), and alphacoronavirus 229E (NP_073551.1) was performed with
ClustalW. Conservation patterns and scores of the spike protein of SARS-CoV-2
were determined using the ConSurf server (https://consurf.tau.ac.il/). Briefly, a
MSA of 150 homologous sequences was constructed using MAFFT. Position-
specific conservation scores were computed using an empirical Bayesian algorithm
and divided into a discrete scale of nine grades. The conservation scores were
projected onto the SARS-CoV-2 spike protein in the closed state (PDB ID 6VXX)
as a reference.

Quantification and statistical analysis. All immune assay values were logl10-
transformed to improve linearity. The GMT and 95% confidence intervals (CI 95%)
were computed by taking the exponent (logl0) of the mean and of the lower and
upper limits of the 95% CI of the logl0-transformed titers. Fold rise was calculated
as the ratio between days 3, 7 or convalescent antibody value to baseline levels.
GMEFR was computed by taking the exponent (log10) of the mean fold rise and of
the lower and upper limits of the CI 95% of the logl0-transformed titers. Statistical
significance was established at p < 0.05. All reported p values are based on two-tailed
tests. Correlation (Pearson), linear regression, local regression fit-line and related-
sample multiple comparison (Friedman’s two-way analysis of variance by ranks,
also known as Friedman’s two-way ANOVA, and pairwise comparison adjusted by
Bonferroni correction) were performed using IBM SPSS Statistics (version 26).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data are available in the manuscript or the supplementary materials. Source data are
provided with this paper. The accession codes for the Structure of the SARS-CoV-2 spike
glycoprotein (closed state) EMD: 21452 and PDB: 6VXX. Source data are provided with
this paper.
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SARS-CoV-2 infection induces robust mucosal
antibody responses in the upper respiratory tract

Alba Escalera,’?3 Amaya Rojo-Fernandez,’-? Alexander Rombauts,* Gabriela Abelenda-Alonso,*®
Jordi Carratala,*> Adolfo Garcia-Sastre,"2¢7.8.2* and Teresa Aydillo’-210.*

SUMMARY

Despite multiple research efforts to characterize coronavirus disease 2019 (COVID-19) in humans, there is
no clear data on the specific role of mucosal immunity on COVID-19 disease. Here, we longitudinally pro-
file the antibody response against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
seasonal HCoV-OC43 S proteins in serum and nasopharyngeal swabs from COVID-19 patients. Results
showed that specific antibody responses against SARS-CoV-2 and HCoV-OC43 S proteins can be detected
in the upper respiratory tract. We found that COVID-19 patients mounted a robust mucosal antibody
response against SARS-CoV-2 S with specific secretory immunoglobulin A (silgA), IgA, IgG, and IgM anti-
body subtypes detected in the nasal swabs. Additionally, COVID-19 patients showed IgG, IgA, and sigA
responses against HCoV-OC43 S in the local mucosa, whereas no specific IgM was detected. Interestingly,
mucosal antibody titers against SARS-CoV-2 peaked at day 7, whereas HCoV-OC43 titers peaked earlier
at day 3 post-recruitment, suggesting an immune memory recall to conserved epitopes of beta-HCoVs in
the upper respiratory tract.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of coronavirus disease 2019 (COVID-19), a respiratory
iliness that has affected more than 770 million people worldwide (https://covid19.who.int/, as September 2023). Since the emergence of this
novel betacoronavirus in late 2019, research efforts have been focused on understanding the nature and dynamics of the systemic immune
responses against SARS-CoV-2 virus. Upon infection, COVID-19 patients rapidly produce immunoglobulin M (IgM), IgG, and IgA antibodies
that predominantly target the spike (S) protein, the main surface glycoprotein that binds to the human angiotensin-converting enzyme 2
(ACE2) receptor and mediates viral entry into the host cell. Additionally, antibodies directed against the viral nucleocapsid protein have
also been detected.” These antibodies are present in serum within the first week of symptom onset and have been shown to exert different
properties such as binding, neutralizing, and Fc-mediated effector functions.>* Although levels of these serum antibodies tend to decay, they
can remain stable for months, especially in the case of IgG antibodies.”” Additionally, local immune responses are also expected to be
induced in the respiratory tract upon SARS-CoV-2 infection due to ACE2 receptor expression in the human airway epithelia and lung paren-
chyma.”®"" Humoral responses in the mucosal compartment are mainly characterized by the production of secretory IgA (slgA) anti-
bodies.'*"* These antibodies are generated through a complex multi-step process in which dimeric IgA antibodies secreted by local plasma
cells are covalently linked by a protein component known as the joining (J) chain. Then, this complex migrates to the mucosal lumen where a
proteolytic cleavage occurs, resulting in the attachment of dimeric IgA to the secretory component (SC). This SC is one of the main features of
slgA and protects the complex from proteolysis. Importantly, mucosal slgA and IgA antibodies serve as the first line of defense'*'® against
respiratory pathogens such as influenza virus and can effectively block infection.'®"” Similarly, some studies have reported the presence of
virus-specific IgG and IgA in saliva and nasal secretions of patients with COVID-19 disease.'®° However, the specific role of local immune
responses in mucosal surfaces upon SARS-CoV-2 infection is unclear. On the other hand, there is now evidence that pre-existing immunity
against other seasonal human coronaviruses (HCoV) can modulate de novo immune responses against SARS-CoV-2 virus.”'?> The authors”
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and others” ¢ have shown that antibody cross-reactivity between conserved epitopes from SARS-CoV-2 proteins and seasonal HCoVs may
oceur upon SARS-CoV-2 infection.” This effect led to an imprinted antibody response on the systemic responses to SARS-CoV-2 antigens.
However, our knowledge about the consequences of pre-existing immunity and cross-reactivity to HCoVs on COVID-19 disease outcomes
when considering mucosal immune memory is limited. Whether cross-reactive antibodies in respiratory secretions are protective or not
against SARS-CoV-2 transmission or severe disease outcomes is not known.

Here, we expand on our previous study” and add data on the immune profile in the systemic and mucosal compartments by using our
previously published clinical cohort study of SARS-CoV-2-infected individuals—the BACO cohort.” We longitudinally characterized the early
antibody response and immunoglobulin repertoire against SARS-CoV-2 and seasonal HCoV-OC43 S proteins in the serum and nasopharyn-
geal (NP) swabs of COVID-19 patients. We found that specific antibody responses against SARS-CoV-2 S protein can be detected in nasal
swabs early upon SARS-CoV-2 infection. Half of the patients showed detectable levels of IgG and IgM at baseline, whereas IgA and slgA
were found in 80% and 44% of infected patients, respectively. Moreover, COVID-19 patients showed an induction of IgG and IgA against
HCoV-OC43, whereas no specific IgM levels were detected, suggesting a memory recall of pre-existing immune cells targeting conserved
S epitopes shared between SARS-CoV-2 and HCoV-OC43 virus. Interestingly, mucosal antibody titers against SARS-CoV-2 peaked at day
7, similar to systemic responses, whereas specific antibodies against HCoV-OC43 showed a higher increase at day 3 post-recruitment. Despite
intense efforts to monitor specific immune responses after SARS-CoV-2 infection, we still have limited knowledge about the role of mucosal
immunity in COVID-19 disease. This study shows that SARS-CoV-2 infection induces robust mucosal immunity. Additionally, a back-boosting
effect of human beta-HCoVs on the mucosal respiratory compartment was present upon SARS-CoV-2 infection.

RESULTS
Systemic antibody responses against SARS-CoV-2 and beta-HCoV-OC43

We used serum samples from a previously published longitudinal cohort of hospitalized COVID-19 patients from Barcelona, Spain—the
BACO cohort—“to first expand on the systemic immunoglobulin profile against SARS-CoV-2 virus and HCoV-OC43 and second to charac-
terize the immune responses to both SARS-CoV-2 virus and HCoV-OC43 in the local upper respiratory mucosa of COVID-19 patients. A
detailed description of clinical characteristics and serum IgG responses against SARS-CoV-2 and other HCoVs antigens in the BACO cohort
can be found in Aydillo et al.? and Table S1. Briefly, this clinical cohort was composed of a total of 37 COVID-19 patients who were hospitalized
at the University Hospital of Bellvitge during the first pandemic wave of SARS-CoV-2 in Barcelona, Spain (March-May 2020). Study participants
had a mean age of 67 years and 67% were male. Blood samples were collected longitudinally upon hospital admission (day 0, baseline) and at
days 3and 7 in 33(89.1%) and 22 (59.4%) patients, respectively. An additional sample was collected at the convalescence period (mean time of
46 days, range 30-56 days) in 28 patients (75.7%). For the present study, we quantified the levels of IgA and IgM antibodies against SARS-CoV-
2 and HCoV-OC43 full-length spike (S) protein in the serum samples using enzyme-linked immunosorbent assay (ELISA) and used these data
to complement the IgG responses described in Aydillo et al.” In general, we observed a strong induction of anti- SARS-CoV-2 SIgA, IgG, and
IgM antibodies upon viral infection (Figures 1A and S1A). Antibody titers significantly increased up to day 7 and started waning during the
convalesce phase in the case of IgM and IgA. As expected, we found that SARS-CoV-2 infection strongly boosted long-lasting I1gG responses
as compared with other immunoglobulin isotypes. Consistently, we observed that fold-increase peaked at day 7 post-recruitment, and only
IgA and IgM responses decreased at the convalescent time point reaching titers below those detected at day 3 (Figure 1B, and Tables S2
and S3).

We previously showed that the COVID-19 patients from The BACO cohort developed a strong IgG response against the conserved S2
domain of the beta-HCoVs S protein upon SARS-CoV-2 infection. This back-boosting effect related to residual effects from past virus expo-
sures to the antigenically related beta-HCoV-OC43 and HCoV-HKU1.? Therefore, we next characterized IgA and IgM against the S protein of
HCoVs-OC43 in serum. All patients mounted a strong IgA and I1gG response against HCoV-OC43 S, whereas lower levels were detected for
IgM antibodies (Figures 1C and S1B). Similar to SARS-CoV-2 responses, IgG titers against HCoV-OC43 S were strongly induced, and levels
were higher compared with the other immunoglobulin subtypes. Besides, all immunoglobulins followed a similar induction pattern than an-
tibodies directed against SARS-CoV-2, with peak titers at day 7 post-recruitment (Figure 1D, and Tables S2 and S3). Finally, and to understand
whether differences on immunoglobulin levels could influence disease trajectory, we compared the serum antibody responses in patients
according to disease severity. For this, COVID-19 patients were classified into mild/moderate (N = 26, 70.3%) or severe/severe end-of-organ
disease (EOD, N = 11, 29.7%) based on a previously described severity scale.”” Figure 2 shows the antibody responses against SARS-CoV-2
and HCoV-OC43 S antigens according to disease phenotype. Data showed no significant differences in the humoral immune response
against SARS-CoV-2 nor HCoV-OC43 S protein in mild/moderate versus severe/severe EOD patients. However, severe patients seemed
to have lower baseline antibody levels, suggesting a delay in mounting humoral responses against SARS-CoV-2 S as compared with moderate
patients.

COVID-19 patients mount robust mucosal antibody responses against SARS-CoV-2 and HCoVs-OC43 in the upper
respiratory tract

Immune responses in the mucosal compartment are largely mediated by IgA and secretory IgA (sIgA) antibodies, which have been shown to
provide protection against some respiratory infections.'®'” However, there are no clear data on the role of mucosal immunity on COVID-19
disease. Besides, it is not known whether pre-existing immunity against seasonal HCoVs in the upper respiratory tract could also mediate
protection against SARS-CoV-2 infection. We used NP swabs from COVID-19 patients from the BACO cohort to investigate the nature
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Figure 1. Longitudinal antibody profile against SARS-CoV-2 and seasonal beta-HCoV-OC43 spike proteins in serum

Serum samples from hospitalized COVID-19 patients were collected upon hospital admission (baseline, day 0) and days 3 and 7. A convalescence sample was
collected from survivors after recovery with a mean time of 46 days (range, 30-56 days). IgA, 1gG, and IgM antibody titers against SARS-CoV-2 full-length S protein
(A) and OC43 full-length S protein (C). Antibody titers were calculated and represented as area under the curve (AUC). Small dots with dotted lines represent the
antibody response of each individual over time. Geometric mean titer (GMT, big dots) and confidence interval (Cl 95%) are also shown. Kruskal-Wallis test was
performed to compare differences at each time point over baseline. Statistical significance was considered when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, ns, not significant). Fold change antibody titers against SARS-CoV-2 full-length S protein (B) and HCoV-OC43 full-length S protein (D) represented
as box-and-whisker diagrams. Box indicates interquartile range (IQR, Q1-Q3) with horizontal line showing the median and vertical lines indicating minimum and
maximum. All individual values are represented as small dots. Kruskal-Wallis test was performed, and significant adjusted p values after pairwise comparisons are
shown for each comparison. A total of 116 biologically independent serum samples (day 0 = 37, day 3 = 29, day 7 = 22, day 46 = 28) were run against SARS-CoV-2
and HCoV-OC43 S antigens to examine the three differentimmunoglobulin isotypes using ELISA. ELISAs for each antigen and isotype were performed once due
to the limited amount of serum samples. A value of 1 was assigned to the samples with no detectable antibodies.

and dynamics of immune responses in the local immune compartment against both SARS-CoV-2 and HCoV-OC43 S antigens. For this, NP
swabs were collected at the same time points than serum samples in 36 out of the 37 hospitalized COVID-19 patients. Acute NP specimens
were taken longitudinally upon hospital admission (day O, baseline) in 34 patients (94.4%) and at days 3 and 7 in 23 (63.9%) and 20 (55.6%)
patients, respectively. A follow-up sample during the convalescence phase with a mean time of 46 days after hospital admission (range,
30-56 days) was also collected in four (11.1%) patients. To inactivate any potentially infectious SARS-CoV-2 virus in these samples, NP swabs
were treated with Triton X-100 prior to performing any antibody quantification. Importantly, because it has been shown that total IgA anti-
bodies in the saliva can vary between individuals and between samples from the same individual due to factors such as stress, ' we first
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Figure 2. Systemic antibody response according to disease severity in the BACO cohort

Box-and-whisker diagrams of area under the curve (AUC) IgA, IgG, and IgM titers against SARS-CoV-2 S (A) and seasonal HCoV-OC43 S (B) in mild/moderate and
severe COVID-19 patients from the BACO cohort. Severity of COVID-19 was assigned following a previously described severity scale.”” Box indicates interquartile
range (IQR, Q1-Q3), with horizontal line showing the median and vertical lines indicating minimum and maximum. All individual values are represented as small
dots and each time point is shown in different colors. A total of 116 biologically independent serum samples (day O = 37, day 3 = 29, day 7 = 22, day 46 = 28) were
run against SARS-CoV-2 and HCoV-OC43 S antigens to assess the antibody isotype profile of these patients using ELISA. A value of 1 was assigned to the samples
with no detectable antibodies.

tested whether total IgA titers in the upper respiratory tract were different among the COVID-19 patients from the BACO cohort. Our results
showed that COVID-19 patients had comparable concentrations of nasal IgA antibodies (Figure S2A), limiting any potential bias on the quan-
tification of anti- SARS-CoV-2 sIgA antibodies in the nasal cavity. Next, we measured the levels of slgA, IgA, 19G, and IgM against SARS-CoV-2
full-length S protein in these samples using ELISA assays. Results showed that COVID-19 patients from the BACO cohort developed detect-
able mucosal immune responses in the upper respiratory tract against SARS-CoV-2 S protein for all the immunoglobulin isotypes tested
(Figures 3A and S3A). Additionally, antibody quantification showed higher antibody levels for IgA, 1gG, and IgM subtypes compared with
antigen-specific sIgA. Interestingly, antibody profiles showed similar kinetics than systemic responses, and peak titers were observed at
day 7 post-hospitalization for all the immunoglobulin subtypes tested (Figure 3B and Tables S4 and S5). Next, we characterized and profiled
the mucosal immune responses against seasonal HCoV-OC43 full-length S protein in the NP swabs (Figures 3C and S3B). Similar to our pre-
vious data on serum, a high percentage of COVID-19 patients showed induction of IgG (N = 15, 41.7%), IgA (N = 28, 77.8%), and sIgA (N = 15,
41.7%) antibodies against HCoV-OC43 S protein in the upper respiratory mucosa. These cross-reactive immune responses, probably directed
against conserved epitopes of human beta-HCoVs, showed some degree of maturity as none of the patients showed detectable levels of IgM
antibodies. Moreover, anti-OC43 S sIgA, IgA, and IgG titers peaked earlier at day 3 (Figure 3D; Tables S4 and S5), in contrast to the SARS-
CoV-2 mucosal responses, suggesting a back-boosting effect upon SARS-CoV-2 infection. These data support our conclusion of this effect
being a result of a recall of pre-existing immune memory cells toward conserved beta-HCoVs epitopes.

Next, and to investigate the relationship between systemic and mucosal immune compartments, we performed a correlation analysis of
antibodly titers in the paired serum samples and NP swabs. Interestingly, a strong correlation between serum and mucosal IgA, 1gG, and IgM
titers against SARS-CoV-2 S protein was found in the aggregate of samples (Spearman correlation coefficients: 0.54 (IgA), 0.64 (IgG), and 0.62
(IgM); p value <0.0001, respectively) (Figure 4A). On the contrary, serum and nasal anti-OC43 S protein IgA and IgG titers correlated poorly
with Spearman correlation coefficients ranging from 0.17 for IgA and 0.34 for IgG levels (p value = 0.19 and 0.01, respectively) (Figure 4B). No
correlation analysis was performed for IgM responses against OC43 S as no IgM titers were detected in the mucosal compartment. Additional
correlation analysis according to time point of collection between serum and mucosal antibody titers against both SARS-CoV-2 and OC43 S
was also performed (Figure S4). To understand whether a correlation was also found between different immunoglobulin isotypes, we per-
formed additional correlation analysis between IgG and IgA serum and mucosal compartments. As expected, a significant positive correlation
between both immunoglobulins was found (Figure S5).

Finally, we tested whether humoral immune responses against SARS-CoV-2 and HCoV-OC43 S antigens in the mucosal compartment
correlated with disease outcomes. Similar to earlier discussion, we compared antibody responses in the mild/moderate (N = 25, 69.4%) versus
severe/severe end-of-organ disease (EOD, N = 11, 30.6%) patients. Mann-Whitney test showed no significant differences in the antibody
response against both SARS-CoV-2 and OC43 S antigens between mild/moderate and severe groups in the upper respiratory tract
(Figures 5A and 5B). Nonetheless, severe patients tended to have lower early antibody levels similar to systemic responses.

DISCUSSION

The COVID-19 pandemic has highlighted the importance of understanding host immune responses against emerging pathogens. Many
advances have been made in characterizing the immunopathogenesis of COVID-19. However, most of the effort has been focused on
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Figure 3. Longitudinal antibody profile against SARS-CoV-2 and seasonal beta-HCoV-OC43 spike proteins in upper respiratory tract

Nasopharyngeal (NP) swabs specimens from hospitalized COVID-19 patients were collected upon hospital admission (baseline, day 0), and days 3 and 7. A
convalescence sample was collected from survivors after recovery with a mean time of 46 days (range, 30-56 days). Secretory IgA (slgA), IgA, IgG, and IgM
antibody titers against SARS-CoV-2 full-length S protein (A) and HCoV-OC43 full-length S protein (C). Antibody titers were calculated and represented as
area under the curve (AUC). Small dots with dotted lines represent the longitudinal antibody profile of each individual. Mean titers (big dots) and standard
deviation (SD) are also shown. Kruskal-Wallis test was performed to compare differences at each time point over baseline. Statistical significance was
considered when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant). Fold change antibody titers against SARS-CoV-2 full-
length S protein (B) and HCoV-OC43 full-length S protein (D) represented as box-and-whisker diagrams. Box indicates interquartile range (IQR, Q1-Q3), with
horizontal line showing the median and vertical lines indicating minimum and maximum. All individual values are represented as small dots. Kruskal-Wallis
test was performed, and significant adjusted p values after pairwise comparisons are shown for each comparison. A total of 81 biologically independent NP
swabs samples were collected. Number of NP samples run against each S antigen and immunoglobulin subtype and summarized in Table Sé. A value of
0.001 was assigned to the samples with no detectable antibodies.

understanding systemic immune responses after COVID-19 infection and vaccination, and little attention has been given, so far, to the role of
local immune responses in mucosal surfaces, like the upper respiratory tract. Although some studies have documented the presence of virus-
specific IgG and IgA in saliva and NP samples of patients with COVID-19 infection or vaccination, these studies failed to address the role of
adaptive immune mechanisms at mucosal sites in preventing transmission or severe outcomes. Here, we provide a dynamic and comprehen-
sive characterization of the immunoglobulin repertoire elicited in the mucosal compartment upon SARS-CoV-2 infection. Additional studies
should be conducted to analyze the impact of these responses in protection against SARS-CoV-2 infection.

slgA and IgA antibodies are the predominant immunoglobulin isotypes at mucosal surfaces.'”?” We found a strong induction of IgA an-
tibodies against SARS-CoV-2 S protein in the upper respiratory tract. Moreover, our results showed robust mucosal slgA production in the NP
swabs from the BACO cohort by measuring the SC levels associated with SARS-CoV-2 S-specific antibodies (Figures 3A and 3B). Although

some studies have found that IgA levels in the saliva can be very variable due to differences in the method of sample collection,'*? our results
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Figure 4. Correlation between antibody responses in serum and upper respiratory tract

(A) Correlation between anti-SARS-CoV-2 S IgA, 1gG, and IgM antibody titers measured in serum and NP swabs.

(B) Correlation between anti-HCoV-OC43 S IgA and IgG antibody titers measured in serum and NP swabs. Number of NP swabs and paired serum samples for
each correlation analysis is summarized in Table S7. Spearman correlation coefficient and p values (two-tailed) are shown above each graph. A value of 1 or 0.001
was assigned to serum or mucosal samples, respectively, when no antibodies were detected.

showed equivalent levels of non-specific IgA in the upper respiratory tract of these COVID-19 patients (Figure S2), and therefore, no normal-
ization was required to assess antigen-specific slgA responses. Importantly, our study shows that IgA and slgA antibodies are robustly induced
in the mucosal compartment upon SARS-CoV-2 infection. This is important because recent publications have also described the production of
specific mucosal IgA responses during SARS-CoV-2 mRNA intramuscular vaccination.”” Although it is still unclear the mechanism by which
intramuscularly vaccines induced mucosal sIgA responses, there is a growing interest to develop next-generation COVID-19 vaccines that
boost mucosal antibody responses in the nasal cavity to potentially reduce viral transmission and protect from severe disease.”’ In this
scenario, mucosal vaccines delivered intranasally would be ideal.**** However, many questions about the nature and durability of mucosal
responses upon SARS-CoV-2 infection or vaccination remained opened. Some preliminary studies have suggested that mucosal immunity
could last up to 7 months after SARS-CoV-2 infection,> whereas others have described low-level but durable (>6 months) slgA response after
COVID-19 mRNA vaccination.™ Further research is needed to develop next-generation COVID-19 vaccine candidates that could provide
broader and lasting immune protection against emerging SARS-CoV-2 variants in the systemic and mucosal compartments.

In this context, the potential effect of an imprinted immune response to human coronaviruses is of great importance. We have previously
shown that systemic IgG responses against SARS-CoV-2 antigens are strongly induced in COVID-19 patients from the BACO cohort.” Addi-
tionally, when we quantified the levels of pre-existing immunity against seasonal HCoVs OC43, HKU1, and 229E in the serum samples from
these patients, we found a strong back-boosting effect to conserved epitopes of the S protein from beta-HCoV OC43 and HKU1. Importantly,
this memory recall to conserved S antigens of seasonal beta-HCoVs negatively correlated with de novo antibody responses to SARS-CoV-2
virus. Although our previous study provides evidence of immunological imprinting in the systemic compartment, it still remains unknown
whether imprinting could also occur in the upper respiratory tract. In the present study, we detected 1gG, slgA, and IgA antibodies against
HCoV-OC43 S protein in the local upper respiratory mucosa, whereas no IgM responses were observed (Figure 3C). Moreover, antibody re-
sponses against HCoV-OC43 S peaked earlier than SARS-CoV-2 S antibody titers in the local mucosa (Figure 3D, and Table S3), suggesting
some maturity in the cross-reactive immune responses against conserved epitopes of beta-HCoVs in the upper respiratory tract. Further
studies are needed to address the role of immune imprinting in the mucosal compartment during COVID-19 disease. However, our findings
support the idea that upon SARS-CoV-2 infection, memory B cells generated from prior infections with antigenically related HCoVs will be
rapidly activated, perhaps competing with the activation of naive B cells specific for SARS-CoV-2 novel epitopes.

Limitations of the study

There are some potential limitations in our study. The BACO cohort is composed of 37 hospitalized COVID-19 patients from Spain, a relatively
small number of individuals in a study cohort. Still, this number of participants allowed us to perform a robust and unbiased descriptive
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Figure 5. Antibody response in the upper respiratory tract according to disease severity in the BACO cohort

Box-and-whisker diagrams of area under the curve (AUC) ELISA IgA, IgG, and IgM titers against SARS-CoV-2 spike (A) and seasonal HCoV-OC43 spike (B) in mild/
moderate and severe COVID-19 patients from the BACO cohort. Severity of COVID-19 was assigned following a previously described severity scale.”” Box
indicates interquartile range (IQR, Q1-Q3), with horizontal line showing the median and vertical lines indicating minimum and maximum. All individual values
are represented as small dots, and each time point is shown in different color. A total of 81 biologically independent NP samples were collected. Number of
NP samples run against each S antigen and immunoglobulin subtype and summarized in Table Sé. A value of 0.001 was assigned to the samples with no

detectable antibodies.

characterization of the immunoglobulin repertoire in the local mucosa. Although this number could limit some potential conclusions on the
role of mucosal immune responses in disease outcome, our data allowed to detect specific trends, and severe patients showed a delay in
antibody responses to SARS-CoV-2 antigens when compared with mild cases. Additionally, as found by the authors and others,”® levels of
mucosal sIgA were generally lower as compared with total specific IgA titers that could have also compromised the statistical power of
the analysis. Moreover, no long-term samples were collected; therefore, we still do not know the durability of the immune response in the
upper respiratory tract. In summary, our study provides a better understanding of the immune responses elicited in the upper respiratory tract
upon SARS-CoV-2 infection as well as some evidence of pre-existing immunity and immune memory recall in the local respiratory mucosa in

COVID-19 disease.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
O The BACO cohort
O Recombinant proteins
o METHOD DETAILS
O Antigen-specific IgG, IgM and IgA ELISAs in serum
O Antigen-specific slgA, IgA, IgG and IgM ELISAs in nasopharyngeal swabs
O Quantification of total IgA in nasopharyngeal swabs
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2024.109210.

iScience 27, 109210, March 15, 2024 7



https://doi.org/10.1016/j.isci.2024.109210

¢? CellPress iScience
OPEN ACCESS

ACKNOWLEDGMENTS

We thank the BACO cohort patients and their families. We also thank Richard Cadagan for excellent technical assistance. This work was partly
funded by CRIPT (Center for Research on Influenza Pathogenesis and Transmission) and NIAID-funded Center of Excellence for Influenza
Research and Response (CEIRR, contract # 75N93021C00014) to A.G.-S and T.A. and the Systems Biology Lens (SYBIL, # U19AI135972)
and the Viral Immunity and Vaccination (VIVA) Human Immunology Project Consortium (HIPC) (# U19A1168631) to A.G.-S. T.A. was also funded
by the American Lung Association: ALA grant # COVID-1034091.

AUTHOR CONTRIBUTIONS

T.A. and A.G.S. conceived and designed the study. T.A. supervised and provided training to A.E. and A.R.F. A.E. optimized and performed
experiments. A.R.F. performed experiments. A.R., G.A.A., and J.C. collected samples and clinical data. T.A., A.G.S., and J.C. supervised the
study. T.A. and A.E. analyzed data, prepared figures, and wrote the manuscript. All authors reviewed the manuscript.

DECLARATION OF INTERESTS

The A.G.-S. laboratory has received research support from GSK, Pfizer, Senhwa Biosciences, Kenall Manufacturing, Blade Therapeutics, Avi-
mex, Johnson & Johnson, Dynavax, 7Hills Pharma, Pharmamar, ImmunityBio, Accurius, Nanocomposix, Hexamer, N-fold LLC, Model Med-
icines, Atea Pharma, Applied Biological Laboratories, and Merck, outside of the reported work. A.G.-S. has consulting agreements for the
following companies involving cash and/or stock: Castlevax, Amovir, Vivaldi Biosciences, Contrafect, 7Hills Pharma, Avimex, Pagoda, Accur-
ius, Esperovax, Farmak, Applied Biological Laboratories, Pharmamar, CureLab Oncology, Curelab Veterinary, Synairgen, Paratus, Pfizer, and
Prosetta, outside of the reported work. A.G.-S. has been an invited speaker in meeting events organized by Seqjirus, Janssen, Abbott, and
AstraZeneca. A.G.-S. is inventor on patents and patent applications on the use of antivirals and vaccines for the treatment and prevention
of virus infections and cancer, owned by the Icahn School of Medicine at Mount Sinai, New York, outside of the reported work.

Received: November 1, 2023
Revised: December 15, 2023
Accepted: February 7, 2024

Published: February 10, 2024

REFERENCES

1. Zhu, N., Zhang, D., Wang, W., Li, X, Yang, B., 6. Yu, Y., Wang, M., Zhang, X, Li, S., Lu, Q., Inhibitor. Cell 181, 271-280.e8. https://doi.
Song, J., Zhao, X., Huang, B., Shi, W., Ly, R., Zeng, H., Hou, H., Li, H., Zhang, M., Jiang, F., org/10.1016/j.cell.2020.02.052.
et al. (2020). A Novel Coronavirus from et al. (2021). Antibody-dependent cellular 11. Jia, H.P., Look, D.C., Shi, L., Hickey, M., Pewe,
Patients with Pneumonia in China, 2019. cytotoxicity response to SARS-CoV-2 in L., Netland, J., Farzan, M., Wohlford-Lenane,
N. Engl. J. Med. 382, 727-733. https://doi. COVID-19 patients. Signal Transduct. Target. C., Perlman, S., and McCray, P.B., Jr. (2005).
org/10.1056/NEJM0a2001017. Ther. 6, 346. https://doi.org/10.1038/s41392- ACE2 receptor expression and severe acute

2. Aydillo, T., Rombauts, A., Stadlbauer, D., 021-00759-1. respiratory syndrome coronavirus infection
Aslam, S., Abelenda-Alonso, G., Escalera, A., 7. Wajnberg, A., Amanat, F., Firpo, A., Altman, depend on differentiation of human airway
Amanat, F., Jiang, K., Krammer, F., Carratala, D.R., Bailey, M.J., Mansour, M., McMahon, epithelia. J. Virol. 79, 14614-14621. https://
J., and Garcia-Sastre, A. (2021). M., Meade, P., Mendu, D.R., Muellers, K., doi.org/10.1128/jvi.79.23.14614-14621.2005.
Immunological imprinting of the antibody etal. (2020). Robust neutralizing antibodies to 12. Brandtzaeg, P. (2007). Induction of secretory
response in COVID-19 patients. Nat. SA_RS'COV'z infection persist for m?”ths' immunity and memory at mucosal surfaces.
Commun. 12, 3781. https://doi.org/10.1038/ SC|ence‘370, 1227-1230. https://doi.org/10. Vaccine 25, 5467-5484. https://doi.org/10.
s41467-021-23977-1. 1126/science.abd/728. 1016/}.vaccine.2006.12.001.

8. Seow, J., Graham, C., Merrick, B., Acors, S.,
Pickering, S., Steel, K.J.A., Hemmings, O.,
O'Byrne, A., Kouphou, N., Galao, R.P., et al. ) .
(2020). Longitudinal observation and decline :(mmunol. 4,185. https://doi.org/10.3389/

LS : . immu.2013.00185.
of neutralizing antibody responses in the
three months following SARS-CoV-2 infection 14. Bakema, J.E., and van Egmond, M. (2011).

3. Long, Q.-X,, Liu, B.-Z., Deng, H.-J., Wu, G.-C.,
Deng, K., Chen, Y.-K., Liao, P., Qiu, J.-F., Lin,
Y., Cai, X.-F., et al. (2020). Antibody responses
to SARS-CoV-2 in patients with COVID-19.
Nat. Med. 26, 845-848. https://doi.org/10.

13. Corthésy, B. (2013). Multi-Faceted Functions
of Secretory IgA at Mucosal Surfaces. Front.

1038/541591-020-0897-1. in humans. Nat. Microbiol. 5, 1598-1607. The human immunoglobulin A Fc receptor

4. Suthar, M.S., Zimmerman, M.G., Kauffman, https://doi.org/10.1038/s41564-020-00813-8. FeaRI: a multifaceted regulator of mucosal
R.C., Mantus, G., Linderman, S.L., Hudson, 9. Anand, S.P., Prévost, J., Nayrac, M., immunity. Mucosal Immunol. 4, 612-624.
W.H., Vanderheiden, A., Nyhoff, L., Davis, Beaudoin-Bussiéres, G., Benlarbi, M., Gasser, https://doi.org/10.1038/mi.2011.36.

C.W., Adekunle, O., et al. (2020). Rapid R., Brassard, N., Laumaea, A., Gong, S.Y., 15. Breedveld, A., and van Egmond, M. (2019).
Generation of Neutralizing Antibody Bourassa, C., et al. (2021). Longitudinal IgA and FcaRl: Pathological Roles and
Responses in COVID-19 Patients. Cell Rep. analysis of humoral immunity against SARS- Therapeutic Opportunities. Front. Immunol.
Med. 1, 100040. https://doi.org/10.1016/]. CoV-2 Spike in convalescent individuals up to 10, 553. https://doi.org/10.3389/fimmu.2019.
xcrm.2020.100040. 8 months post-symptom onset. Cell Rep. 00553.

5. Tso, F.Y., Lidenge, S.J., Poppe, LK., Pefia, Med. 2, 100290. https://doi.org/10.1016/]. 16. Tamura, S.-I., Funato, H., Hirabayashi, Y.,
P.B., Privatt, S.R., Bennett, S.J., Ngowi, J.R,, xcrm.2021.100290. Kikuta, K., Suzuki, Y., Nagamine, T., Aizawa,
Mwaiselage, J., Belshan, M., Siedlik, J.A., 10. Hoffmann, M., Kleine-Weber, H., Schroeder, C., Nakagawa, M., and Kurata, T. (1990).
et al. (2021). Presence of antibody- S., Kriiger, N., Herrler, T., Erichsen, S., Functional role of respiratory tract
dependent cellular cytotoxicity (ADCC) Schiergens, T.S., Herrler, G., Wu, N.H., haemagglutinin-specific IgA antibodies in
against SARS-CoV-2 in COVID-19 plasma. Nitsche, A., et al. (2020). SARS-CoV-2 Cell protection against influenza. Vaccine 8,
PLoS One 16, €0247640. https://doi.org/10. Entry Depends on ACE2 and TMPRSS2 and Is 479-485. https://doi.org/10.1016/0264-
1371/journal.pone.0247640. Blocked by a Clinically Proven Protease 410X(20)90250-P.

8 iScience 27, 109210, March 15, 2024


https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1038/s41467-021-23977-1
https://doi.org/10.1038/s41467-021-23977-1
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1016/j.xcrm.2020.100040
https://doi.org/10.1016/j.xcrm.2020.100040
https://doi.org/10.1371/journal.pone.0247640
https://doi.org/10.1371/journal.pone.0247640
https://doi.org/10.1038/s41392-021-00759-1
https://doi.org/10.1038/s41392-021-00759-1
https://doi.org/10.1126/science.abd7728
https://doi.org/10.1126/science.abd7728
https://doi.org/10.1038/s41564-020-00813-8
https://doi.org/10.1016/j.xcrm.2021.100290
https://doi.org/10.1016/j.xcrm.2021.100290
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1128/jvi.79.23.14614-14621.2005
https://doi.org/10.1128/jvi.79.23.14614-14621.2005
https://doi.org/10.1016/j.vaccine.2006.12.001
https://doi.org/10.1016/j.vaccine.2006.12.001
https://doi.org/10.3389/fimmu.2013.00185
https://doi.org/10.3389/fimmu.2013.00185
https://doi.org/10.1038/mi.2011.36
https://doi.org/10.3389/fimmu.2019.00553
https://doi.org/10.3389/fimmu.2019.00553
https://doi.org/10.1016/0264-410X(90)90250-P
https://doi.org/10.1016/0264-410X(90)90250-P

iScience

17.

20.

21.

22.

Terauchi, Y., Sano, K., Ainai, A., Saito, S.,
Taga, Y., Ogawa-Goto, K., Tamura, S.1.,
Odagiri, T., Tashiro, M., Fujieda, M., et al.
(2018). IgA polymerization contributes to
efficient virus neutralization on human upper
respiratory mucosa after intranasal
inactivated influenza vaccine administration.
Hum. Vaccin. Immunother. 14, 1351-1361.
https://doi.org/10.1080/21645515.2018.
1438791.

. Wright, P.F., Prevost-Reilly, A.C., Natarajan,

H., Brickley, E.B., Connor, R.I., Wieland-Alter,
W.F., Miele, A.S., Weiner, J.A., Nerenz, R.D.,
and Ackerman, M.E. (2022). Longitudinal
Systemic and Mucosal Immune Responses to
SARS-CoV-2 Infection. J. Infect. Dis. 226,
1204-1214. https://doi.org/10.1093/infdis/
jiac065.

. Sterlin, D., Mathian, A., Miyara, M., Mohr, A.,

Anna, F., Claér, L., Quentric, P., Fadlallah, J.,
Devilliers, H., Ghillani, P., et al. (2021). IgA
dominates the early neutralizing antibody
response to SARS-CoV-2. Sci. Transl. Med.
13, eabd2223. https://doi.org/10.1126/
scitranslmed.abd2223.

Isho, B., Abe, K.T., Zuo, M., Jamal, AJ.,
Rathod, B., Wang, J.H., Li, Z., Chao, G., Rojas,
O.L., Bang, Y.M,, et al. (2020). Persistence of
serum and saliva antibody responses to
SARS-CoV-2 spike antigens in COVID-19
patients. Sci. Immunol. 5, eabe5511. https://
doi.org/10.1126/sciimmunol.abe5511.

Ng, KW., Faulkner, N., Cornish, G.H., Rosa,
A., Harvey, R., Hussain, S., Ulferts, R., Earl, C.,
Wrobel, A.G., Benton, D.J., et al. (2020).
Preexisting and de novo humoral immunity to
SARS-CoV-2 in humans. Science 370, 1339—
1343. https://doi.org/10.1126/science.
abe1107.

Nguyen-Contant, P., Embong, AK.,
Kanagaiah, P., Chaves, F.A,, Yang, H.,
Branche, AR., Topham, D.J., and Sangster,
M.Y. (2020). S Protein-Reactive IgG and
Memory B Cell Production after Human
SARS-CoV-2 Infection Includes Broad
Reactivity to the S2 Subunit. mBio 11, e01991-
20. https://doi.org/10.1128/mBio.01991-20.

23.

24.

25.

26.

27.

28.

Miyara, M., Saichi, M., Sterlin, D., Anna, F.,
Marot, S., Mathian, A., Atif, M., Quentric, P.,
Mohr, A., Claér, L., et al. (2022). Pre-COVID-19
Immunity to Common Cold Human
Coronaviruses Induces a Recall-Type I1gG
Response to SARS-CoV-2 Antigens Without
Cross-Neutralisation. Front. Immunol. 13,
790334. https://doi.org/10.3389/fimmu.2022.
790334.

Grifoni, A., Weiskopf, D., Ramirez, S.I.,
Mateus, J., Dan, J.M., Moderbacher, C.R,,
Rawlings, S.A., Sutherland, A., Premkumar, L.,
Jadi, R.S., et al. (2020). Targets of T Cell
Responses to SARS-CoV-2 Coronavirus in
Humans with COVID-19 Disease and
Unexposed Individuals. Cell 181, 1489—
1501.e15. https://doi.org/10.1016/j.cell.2020.
05.015.

Mateus, J., Grifoni, A., Tarke, A., Sidney, J.,
Ramirez, S.I., Dan, J.M., Burger, Z.C.,
Rawlings, S.A., Smith, D.M., Phillips, E., et al.
(2020). Selective and cross-reactive SARS-
CoV-2 T cell epitopes in unexposed humans.
Science 370, 89-94. https://doi.org/10.1126/
science.abd3871.

Braun, J., Loyal, L., Frentsch, M., Wendisch,
D., Georg, P., Kurth, F., Hippenstiel, S.,
Dingeldey, M., Kruse, B., Fauchere, F., et al.
(2020). SARS-CoV-2-reactive T cells in healthy
donors and patients with COVID-19. Nature
587, 270-274. https://doi.org/10.1038/
s41586-020-2598-9.

Del Valle, D.M., Kim-Schulze, S., Huang, H.H.,
Beckmann, N.D., Nirenberg, S., Wang, B.,
Lavin, Y., Swartz, T.H., Madduri, D., Stock, A.,
et al. (2020). An inflammatory cytokine
signature predicts COVID-19 severity and
survival. Nat. Med. 26, 1636-1643. https://doi.
org/10.1038/s41591-020-1051-9.

Sano, K., Bhavsar, D., Singh, G., Floda, D.,
Srivastava, K., Gleason, C., PARIS Study
Group, Carrefio, J.M., Simon, V., and
Krammer, F. (2022). SARS-CoV-2 vaccination
induces mucosal antibody responses in
previously infected individuals. Nat.
Commun. 13, 5135. https://doi.org/10.1038/
s41467-022-32389-8.

29.

30.

31

32.

33.

34.

35.

¢? CellPress

OPEN ACCESS

Russell, M.W. (2007). Biological Functions of
IgA. In Mucosal Immune Defense:
Immunoglobulin A, C.S. Kaetzel, ed.
(Springer US), pp. 144-172. https://doi.org/
10.1007/978-0-387-72232-0_6.
Sheikh-Mohamed, S., Isho, B., Chao, G.Y.C.,
Zuo, M., Cohen, C., Lustig, Y., Nahass, G.R.,
Salomon-Shulman, R.E., Blacker, G., Fazel-
Zarandi, M., et al. (2022). Systemic and
mucosal IgA responses are variably induced
in response to SARS-CoV-2 mRNA
vaccination and are associated with
protection against subsequent infection.
Mucosal Immunol. 15, 799-808. https://doi.
org/10.1038/s41385-022-00511-0.

Russell, M\W., Moldoveanu, Z., Ogra, P.L.,
and Mestecky, J. (2020). Mucosal immunity in
COVID-19: a neglected but critical aspect of
SARS-CoV-2 infection. Front. Immunol. 17,
611337.

Sun, W., Liu, Y., Amanat, F., Gonzélez-
Dominguez, |., McCroskery, S., Slamanig, S.,
Coughlan, L., Rosado, V., Lemus, N., Jangra,
S., et al. (2021). A Newcastle disease virus
expressing a stabilized spike protein of SARS-
CoV-2induces protective immune responses.
Nat. Commun. 12, 6197. https://doi.org/10.
1038/s41467-021-26499-y.

Zhang, L., Jiang, Y., He, J., Chen, J., Qi, R,,
Yuan, L., Shao, T., Zhao, H., Chen, C., Chen,
Y., et al. (2023). Intranasal influenza-vectored
COVID-19 vaccine restrains the SARS-CoV-2
inflammatory response in hamsters. Nat.
Commun. 14, 4117. https://doi.org/10.1038/
s41467-023-39560-9.

Marking, U., Bladh, O., Havervall, S.,
Svensson, J., Greilert-Norin, N., Aguilera, K.,
Kihlgren, M., Salomonsson, A.C., Méansson,
M., Gallini, R., et al. (2023). 7-month duration
of SARS-CoV-2 mucosal immunoglobulin-A
responses and protection. Lancet Infect. Dis.
23, 150-152. https://doi.org/10.1016/s1473-
3099(22)00834-9.

Zuo, F., Marcotte, H., Hammarstrém, L., and
Pan-Hammarstréom, Q. (2022). Mucosal IgA
against SARS-CoV-2 Omicron Infection.

N. Engl. J. Med. 387, e55. https://doi.org/10.
1056/NEJMc2213153.

iScience 27, 109210, March 15, 2024 9



https://doi.org/10.1080/21645515.2018.1438791
https://doi.org/10.1080/21645515.2018.1438791
https://doi.org/10.1093/infdis/jiac065
https://doi.org/10.1093/infdis/jiac065
https://doi.org/10.1126/scitranslmed.abd2223
https://doi.org/10.1126/scitranslmed.abd2223
https://doi.org/10.1126/sciimmunol.abe5511
https://doi.org/10.1126/sciimmunol.abe5511
https://doi.org/10.1126/science.abe1107
https://doi.org/10.1126/science.abe1107
https://doi.org/10.1128/mBio.01991-20
https://doi.org/10.3389/fimmu.2022.790334
https://doi.org/10.3389/fimmu.2022.790334
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1016/j.cell.2020.05.015
https://doi.org/10.1126/science.abd3871
https://doi.org/10.1126/science.abd3871
https://doi.org/10.1038/s41586-020-2598-9
https://doi.org/10.1038/s41586-020-2598-9
https://doi.org/10.1038/s41591-020-1051-9
https://doi.org/10.1038/s41591-020-1051-9
https://doi.org/10.1038/s41467-022-32389-8
https://doi.org/10.1038/s41467-022-32389-8
https://doi.org/10.1007/978-0-387-72232-0_6
https://doi.org/10.1007/978-0-387-72232-0_6
https://doi.org/10.1038/s41385-022-00511-0
https://doi.org/10.1038/s41385-022-00511-0
http://refhub.elsevier.com/S2589-0042(24)00431-0/sref31
http://refhub.elsevier.com/S2589-0042(24)00431-0/sref31
http://refhub.elsevier.com/S2589-0042(24)00431-0/sref31
http://refhub.elsevier.com/S2589-0042(24)00431-0/sref31
http://refhub.elsevier.com/S2589-0042(24)00431-0/sref31
https://doi.org/10.1038/s41467-021-26499-y
https://doi.org/10.1038/s41467-021-26499-y
https://doi.org/10.1038/s41467-023-39560-9
https://doi.org/10.1038/s41467-023-39560-9
https://doi.org/10.1016/s1473-3099(22)00834-9
https://doi.org/10.1016/s1473-3099(22)00834-9
https://doi.org/10.1056/NEJMc2213153
https://doi.org/10.1056/NEJMc2213153

¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human IgG-HRP antibody (Fc-specific) Sigma-Aldrich Cat. #A0170; RRID: AB_257868
Anti-human IgM-HRP antibody Sigma-Aldrich Cat. #A6907; RRID: AB_258318
Anti-human IgA-HRP antibody (a-chain) Sigma-Aldrich Cat. #A0295; RRID: AB_257876
Anti-human sIgA antibody Millipore Cat. #411423; RRID: AB_10681347
Anti-mouse IgG-HRP antibody Abcam Cat. #ab6823; RRID: AB_955395

Anti-human IgA antibody

Bethyl Laboratories

Cat. #A80-102A

Biological samples

Human serum samples from COVID-19

infected individuals from ‘'The BACO Cohort’
Human nasopharyngeal swabs from COVID-19
infected individuals from ‘'The BACO Cohort’

University Hospital of Bellvitge,
Barcelona (Spain)
University Hospital of Bellvitge,

Barcelona

Aydillo et al., 20217

Chemicals, peptides, and recombinant proteins

SARS-CoV-2 full-length spike protein
OC43 full-length spike protein

3,3 5,5 -Tetra- methylbenzidine (TMBE)
Sulfuric Acid 2M

Sino Biological
Sino Biological
Rockland

Fisher Scientific

Cat. #40589-V08H4
Cat. #40607-V08B
Cat. #TMBE-1000
Cat. #525898

Software and algorithms

GraphPad Prism 9 GraphPad https://www.graphpad.com/
scientific-software/prism/

Other

Phosphate-buffered saline (PBS) Corning Cat. #21-040-CV

Tween-20

Non-fat milk powder

Triton X-100

4 HBX 96-well microtiter plates
405 TS microplate washer
Synergy 4 plate reader

Fisher Scientific

RPI

Fisher Scientific
Thermo Fisher Scientific
BioTek

BioTek

Cat. #BP337-100
Cat. #M17200-500
Cat. #BP151-500
Cat. #3855

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Teresa Aydillo

(teresa.aydillo-gomez@mssm.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e All data reported in this paper will be shared by the lead contact upon request.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
The BACO cohort

The BACO cohort is a prospective human cohort study of COVID-19 disease carried out during the first pandemic wave (March-May 2020) of
SARS-CoV-2 in Barcelona (Spain). A positive COVID-19 case was defined according to international guidelines when a nasopharyngeal (NP)
swab tested positive for SARS-CoV-2 by reverse transcriptase quantitative polymerase chain reaction (RT-gPCR) upon hospital admission. All
patients or their legally authorized representatives provided informed consent prior to sample and data collection. Samples from patients
including serum and NP swabs, were collected at the enrollment in the study (baseline), and at days 3 and 7 post enrollment. A convalescence
sample was collected from survivors after recovery and hospital discharge with a mean time of 46 days (range, 30-56 days). The total number
of serum samples and NP swabs was 116 and 81, respectively. All samples were stored at -80°C. Data on demographics, including age and
sex, comorbidities, clinical signs and symptoms, interventions, and outcomes are described in Table S1. Severity of COVID-19 was assigned
following a described severity scale based on oxygen saturation (SpO2), presence of pneumonia/imaging, oxygen support defined as use of
high-flow nasal cannula (HFNC), non-rebreather mask (NRB), bilevel positive airway pressure (BIPAP) or mechanical ventilation (MV); and
kidney (creatinine clearance, CrCl) and liver (alanine aminotransferase, ALT) function:?” mild (SpO2 > 94% AND no pneumonia), moderate
(SpO2 < 94% AND/OR pneumonia), severe (use of HFNC, NRB, BIPAP or MV AND no vasopressor use AND CrCl >30 AND ALT < 5x upper
limit of normal) and severe with end-of organ disease (Use of HFNC, NRB, BIPAP or MV AND vasopressor use OR CrC| >30 or new HD OR
ALT < 5x upper limit of normal). The study protocol was approved by the Institutional Review Board of University Hospital of Bellvitge, Bar-
celona, Spain, and by the Icahn School of Medicine at Mount Sinai, New York, US.

Recombinant proteins

The recombinant spike proteins from SARS-CoV-2 and beta-coronavirus OC43 were purchased from Sino Biological (Cat. #40589-V08H4 and
#40607-V08B). Proteins were stored at -80°C until use.

METHOD DETAILS

Antigen-specific IgG, IgM and IgA ELISAs in serum

Serum ELISAs against SARS-CoV-2 and OC43 spike proteins were performed as previously described.” Briefly, Immulon 4 HBX 96-well micro-
titer plates (Thermo Fisher Scientific) were coated overnight at 4°C with 50 pL recombinant protein (SARS-CoV-2 or OC43 full-length spike,
respectively) at a concentration of 2 pg/mL. The next day, the plates were washed three times with phosphate-buffered saline (PBS; Corning)
containing 0.1% Tween-20 (PBS-T, Fisher Scientific) using an automatic plate washer (BioTek). After washing, the plates were blocked for 1 h at
room temperature (RT) with 200 pl/well of 3% (w/v) non-fat milk powder diluted in PBS-T. The blocking solution was removed, and 100 ulL of
serum samples diluted (starting concentration of 1:80 and serially diluted three-fold) in PBS-T containing 1% (w/v) non-fat milk was added to
the wells and incubated for 1 h at RT. The plates were washed three times with PBS-T and 100 pl of anti-human IgG-HRP antibody (Fc-specific)
(Sigma, Cat. A0170) at a dilution of 1:20,000; or anti-human IgM-HRP antibody at a dilution 1:3000 (Sigma, Cat. Aé907); or anti-human IgA-HRP
antibody (a-chain) at a dilution 1:3000 (Sigma, Cat. A0295) was added to the wells. All secondary antibodies were diluted in PBS-T containing
1% (w/v) non-fat milk and incubated for 1Th at RT. The plates were washed four times with PBS-T with shaking using the plate washer and 100 pL
of TMBE (Rockland) was added to all wells for 10 min. The reaction was stopped by the addition of 100 pL of sulfuric acid per well. Optical
density (OD) at a wavelength of 450 nm was read using Synergy 4 (BioTek) plate reader. OD values of samples were adjusted by subtracting
the average of the blank plus three times the standard deviation of the blank. Area under the curve (AUC) values were computed by plotting
normalized OD values against the reciprocal serum sample dilutions in GraphPad Prism. The assay was done one per sample due to the
limited amount of sample.

Antigen-specific slgA, IgA, IgG and IgM ELISAs in nasopharyngeal swabs

All nasopharyngeal swabs were treated with 0.5% Triton X-100 (v/v) to inactivate SARS-CoV-2 virus prior performing any experiments. Sample
inactivation was performed in an enhanced biosafety level 2 (BSL-2+) facility following Icahn School of Medicine biosafety guidelines. Immulon
4 HBX 96-well microtiter plates (Thermo Fisher Scientific) were coated overnight at 4°C with 50 uL recombinant protein (SARS-CoV-2 or OC43
full-length spike, respectively) at a concentration of 2 pg/mL. The next day, the plates were washed three times with PBS-T using an automatic
plate washer (BioTek). After washing, the plates were blocked for 1 h at RT with 200 pl/well of 5% (w/v) non-fat milk powder diluted in PBS-T.
The blocking solution was removed, and 50 plL of inactivated nasopharyngeal swab (starting undiluted and serially diluted two-fold with PBS-T
containing 2.5% (w/v) non-fat milk) was added to the wells and incubated at 4°C overnight. The next day, plates were washed three times with
PBS-T using the plate washer. For slgA detection, 100 ul of anti-human sIgA antibody (Millipore, Cat. 411423) diluted to 5 pg/mL in PBS-T
containing 2.5% (w/v) non-fat milk were added to the wells and incubated for 2 h at RT. Plates were washed again three times with PBS-T using
the plate washer and secondary anti-mouse IgG-HRP antibody (Abcam, Cat. ab6823) diluted 1:5000 in 2.5% (w/v) non-fat milk PBS-T was
added to the wells. For IgA, IgG and IgM measurement, incubation of samples with antigen was also performed overnight at 4°C. After
washing with PBS-T three times, 100 ul of anti-human IgA-HRP antibody (e-chain) (Sigma, Cat. A0295) at a dilution of 1:3000; or anti-human
IgG-HRP antibody (Fc-specific) (Sigma, Cat. A0170) at a dilution of 1:20,000; or anti-human IgM-HRP antibody at a dilution 1:3000 (Sigma, Cat.
A6907) was added to the wells. All secondary antibodies were diluted in PBS-T containing 2.5% (w/v) non-fat milk and incubated for 1 h at RT.
After incubation with the corresponding secondary HRP-conjugated antibodies, plates were washed four times with PBS-T with shaking using
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the plate washer and 100 pL of TMBE (Rockland) was added to all wells for 10 min. The reaction was stopped by the addition of 100 pL of
sulfuric acid per well. Optical density (OD) at a wavelength of 450 nm was read using Synergy 4 (BioTek) plate reader. OD values of samples
were adjusted by subtracting the average of the blank plus three times the standard deviation of the blank. Area under the curve (AUC) values
were computed by plotting normalized OD values against the reciprocal serum sample dilutions in GraphPad Prism. The assay was done one
per sample due to the limited amount of sample.

Quantification of total IgA in nasopharyngeal swabs

Immulon 4 HBX 96-well microtiter plates (Thermo Fisher Scientific) were coated overnight at 4°C with 50 uL of goat anti-human IgA (Bethyl
Laboratories #A80-102A) at a concentration of 250 ng/well. The next day, the plates were washed three times with PBS-T using an automatic
plate washer (BioTek). After washing, the plates were blocked for 1 h at RT with 200 ul/well of 5% (w/v) non-fat milk powder diluted in PBS-T.
The blocking solution was discarded, and 75 pl of inactivated nasopharyngeal swab (starting 1:40 and serially diluted three-fold) with 2.5% (w/
v) non-fat milk PBS-T was added to the wells and incubated at 4°C for 2 h. The next day, plates were washed three times with PBS-T using the
plate washer and anti-human IgA-HRP antibody (a-chain) (Sigma, Cat. A0295) diluted 1:1500 was added to the wells. After 1h incubation at RT,
plates were washed four times with PBS-T with shaking using the plate washer and 100 uL of TMBE (Rockland) was added to all wells for
10 min. The reaction was stopped by the addition of 100 pL of sulfuric acid per well. Optical density (OD) at a wavelength of 450 nm was
read using Synergy 4 (BioTek) plate reader. OD values of samples were adjusted by subtracting the average of the blank plus three times
the standard deviation of the blank. Area under the curve (AUC) values were computed by plotting normalized OD values against the recip-
rocal serum sample dilutions in GraphPad Prism. The assay was done one per sample due to the limited amount of sample.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses and AUC calculation were performed using Graphpad Prism 9. Geometric mean titers (GMT) and 95% confidence
intervals (Cl 95%) were computed by taking the exponent (log10) of the mean and of the lower and upper limits of the 95% ClI of the serum
log10-transformed titers. Mean and standard deviation (SD) were calculated for mucosal antibody titers. Kruskal-Wallis test with Dunn'’s mul-
tiple comparison test, Mann-Whitney t test and non-parametric Spearman correlation were performed. Statistical significance was considered
when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant).
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Abstract:

Background: Profound metabolomic alterations occur during COVID-19. Early identification of the
subset of hospitalised COVID-19 patients at risk of developing severe disease is critical for optimal
resource utilization and timely treatment initiation. We aimed to delineate the metabolomic profile of
hospitalized adult COVID-19 patients who progressed to severe disease and to establish a predictive
signature for assessing the risk of disease progression.

Methods: Metabolite profiling was conducted using nuclear magnetic resonance (NMR) spectroscopy
in 148 hospitalized COVID-19 patients within 48 hours of admission. Lipoprotein profiling was
performed using the *H-NMR-based Liposcale® test, while low molecular weight metabolites were
analyzed using one-dimensional Carr-Purcell-Meiboom-Gill pulse spectroscopy and an adaptation of
the Dolphin method for lipophilic extracts. Patients were closely monitored daily until discharge or
death.

Findings: Severe COVID-19, as per the WHO Clinical Progression Scale, was characterized by altered
lipoprotein distribution indicative of increased atherogenic risk, elevated signals of glyc-A and glyc-B,
a shift towards a catabolic state with elevated levels of branched-chain amino acids, and accumulation
of ketone bodies. Furthermore, COVID-19 patients initially presenting with moderate disease but
progressing to severe stages exhibited a distinct metabolic signature, distinct from those who did not
progress to severe disease. Our multivariate model demonstrated a cross-validated AUC of 0-82 and
predictive accuracy of 72% for progression towards severity.

Interpretation: Metabolomic profiling via NMR spectroscopy enables the identification of moderate

COVID-19 patients at risk of disease progression, offering a valuable tool for adequate resource
allocation and early treatment.
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Research in context:

Evidence before this study: We conducted a comprehensive search on PubMed utilizing the terms
"COVID-19" and/or "SARS-CoV-2", "metabolomic" and/or "metabolism"”, and "NMR" and/or
"magnetic resonance". Our objective was to identify metabolomic studies focusing on COVID-19.
Several metabolomic studies were identified, primarily aimed to establish a discriminative COVID-19
metabolomic profile for effective identification and differentiation of COVID-19 clinical statuses.
Additionally, a handful of studies explored dynamic metabolomic changes in long-COVID. Our search,
however, revealed only one NMR-based study, involving 36 patients, which evaluated a prognostic
metabolomic profile for mortality.

Added value of this study: Our study, including 148 patients, employed an NMR-based platform to
identify metabolomic alterations in COVID-19. We developed a predictive model to anticipate
progression to severe disease. Serum samples were collected within 48 hours of admission, and patients
were monitored daily to accurately ascertain their clinical disease status. Through this method, we
identified several metabolomic alterations associated with severe COVID-19. Furthermore, we
observed that COVID-19 patients initially presenting with moderate disease, who later progressed to
severe disease, exhibited a distinct metabolomic signature. This profile contrasted with that found in
those patients with moderate COVID-19 who did not escalate to severe disease.

Implications of all the available evidence: COVID-19 patients with severe disease and those initially
presenting with moderate disease at a high risk of deterioration display characteristic metabolomic
profiles. These profiles can be swiftly determined using NMR-based platforms. Such findings carry
significant clinical implications, facilitating early identification and treatment of hospitalized patients
at a high risk of progressing to severe disease. Moreover, our findings pave the way for further research
into identifying metabolomic profiles through NMR to offer a more personalized approach in managing
various infectious diseases.
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1. INTRODUCTION

The clinical manifestations of SARS-CoV-2 infections vary broadly, ranging from an asymptomatic
state to severe pneumonia, including acute respiratory distress syndrome (ARDS), multisystem organ
failure, and eventually death'2. Morbidity and mortality are almost exclusively driven by the
development of ARDS. Certain genomic regions®, ACE2 polymorphism*, immunological imprinting
due to prior infections with other coronavirus® and an excessive proinflammatory immune dysregulation
play a role in coronavirus diseases 2019 (COVID-19) outcomes®2.

Patients hospitalized with COVID-19 remain at a high risk for mortality, ranging from 15% to 5%
during delta and late omicron periods®. Early identification of the subset of hospitalized COVID-19
patients who will develop severe disease is critical for adequate resource allocation and prompt
treatment initiation. Clinical predictors of severity such as male sex, older age, hypertension and a
higher number of comorbidities were quickly identified!®!!, Nevertheless, it remains unclear why
some hospitalized, a priori low-risk patients develop severe pneumonia with ARDS and others with
several risk factors present a favourable evolution.

Several studies have investigated the underlying metabolic alterations associated with COVID-19 %27,
most with an emphasis on discriminating between SARS-CoV-2 infected patients from non-infected
individuals. Among SARS-CoV-2 infected patients notable alterations have been observed, including
glycerophospholipid metabolism remodeling'>?*4, enriched purine metabolism!?1¢, lipoprotein
distribution changes marked by elevated of VLDL and triglycerides”®, and dysregulation in
glycolysis®®. Moreover, increased COVID-19 severity was associated with disruptions in mitochondrial
activity!202! altered fatty acid oxidation?, reduced amino-acids reflecting a catabolic state”?-23,
impaired cholesterol homeostasis 2141724 and a decline in tryptophan reflecting immune
dysregulation®-%". Additionally, low levels of circulating lysoPCs and PCs have been directly
associated with COVID-19 severity!2202326 Few studies have aimed to identify a metabolomic
signature capable of predicting COVID-19 progression!3?5%, However, most of the included patients
in these studies had already progressed to critical states when their blood samples were collected, with
the metabolomic profile correlating COVID-19 severity rather than disease progression risk.
Importantly, nuclear magnetic resonance (NMR) spectroscopy stands out among among the possible
metabolomics analytical platforms due to its rapid, highly accurate, non-destructive, and quantitative
features?®2°, Of note, to our knowledge, only one NMR-based study, involving a cohort of merely 36
patients, has explored a prognostic metabolomic profile for mortality®.

In this study, we aimed to delineate the metabolomic profile of hospitalized adult COVID-19 patients
who progressed to severe disease and to establish a predictive signature for assessing the risk of
disease progression.

2. MATERIALS AND METHODS
2.1. Study subjects

In this prospective study, 148 patients were recruited at Bellvitge University Hospital. Metabolomic
analyses were performed at Biosfer Teslab (Reus, Spain). Adult patients with a positive RT-PCR
SARS-CoV-2 nasopharyngeal swab and COVID-19 hospitalized from January 2021 to May 2021
were eligible. Recruitment and blood sampling was performed within 48h of hospital admission. We
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assigned patients a unique patient identifier (PI1D), which was then applied to the clinical samples and
the de-identified data set. We securely stored the list correlating the PID with the patient’s identity at
Bellvitge University Hospital. The investigators prospectively followed-up and daily visited the
patients until hospital discharge. We collected data on demographic and clinical characteristics, blood
analysis, treatments, and outcomes. We compared the metabolomic profile of patients with severe
COVID-19 versus moderate COVID-19 at the moment of sampling and with the subgroup of patients
who remained moderate over the course of hospitalization. For the development of a signature
predictive of progression towards severe disease status, we compared the metabolomic profiles of
moderate patients at the moment of sampling who did not progress with those who progressed to
severity.

2.2. Definitions and Local Guidelines

We defined COVID-19 pneumonia as hew or worsening pulmonary infiltrates on a chest x-ray or CT
of the lungs with a confirmed positive RT-PCR for SARS-CoV-2. Severity was defined according to
the patient’s respiratory situation following the WHO Clinical Progression Scale 3. In brief, moderate
disease comprehend categories 4 (hospitalized with no oxygen therapy) and 5 (hospitalized with
oxygen by mask of nasal prongs) while severe disease includes categories 6 to 9 (referring to patients
requiring high-flow oxygen, non-invasive or invasive mechanical ventilation with varying degree of
organ failure). Institutional guidelines at the study moment recommended corticosteroids, preferable
dexamethasone at a daily dose of 6mg, for all patients >7 days from symptoms onset and requiring
oxygen supplementation. Tocilizumab was recommended for patients with C - reactive protein >75
mg/dl and severe disease status and/or progression towards severity. Remdesivir was recommended
for patients with low-flow oxygen requirement (oxygen mask or nasal prongs) and <7 days from
symptoms onset.

2.3. Metabolomics analyses

Lipoprotein profile. The lipoprotein profile was measured in serum samples (250 pL) using the 'H-
NMR-based Liposcale® test, a new generation nuclear magnetic resonance test by Biosfer Teslab
(Reus, Spain). The lipid concentrations (i.e., triglycerides and cholesterol) of the four main classes of
lipoproteins (very low-density lipoprotein (VLDL); intermediate-density lipoprotein (IDL), low-density
lipoprotein (LDL), and high-density lipoprotein (HDL)), and the particle numbers of nine subclasses
(large, medium, and small particle numbers of each of the following: VLDL, LDL, and HDL) were
determined as previously reported . The different lipoprotein subclasses corresponded to the following
diameter size ranges: large VLDL, 68.5 to 95.9 nm; medium VLDL, 47 to 68.5 nm; small VLDL, 32.5
to 47 nm; large LDL, 24 to 32.5 nm; medium LDL, 20.5 to 24 nm; small LDL, 17.5 to 20.5 nm; large
HDL, 10.5 to 13.5 nm; medium HDL, 8.5 to 10.5 nm; and small HDL, 7.5 to 8.5 nm.

Glycoprotein profile. The glycoprotein profile was determined by analysing the specific *H-NMR
spectral region where these protein—sugar bonds resonate (2.15-1.90 ppm) by deconvoluting the spectra
by using three Lorentzian functions, as previously reported 3. For each function, we determined the
total area (proportional to concentration), height, position, and bandwidth. The area of glycoprotein A
(Glyc-A) provided the concentration of acetyl groups of protein-bond N-acetylglucosamine and N-
acetylgalactosamine, and the area of glycoprotein B (Glyc-B) provided the concentration of N-
acetylneuraminic acid. The glycoprotein F (Glyc-F) area arises from the concentration in the acetyl
groups of N-acetylglucosamine, N-acetylgalactosamine, and N-acetylneuraminic acid unbound to
proteins (free fraction). H/W ratios, which reflect the aggregation state of the sugar-protein bonds, were
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also reported for Glyc-A and Glyc-B*. Height was calculated as the difference from the baseline to
maximum of the corresponding NMR peaks, and the width value corresponded to the peak width at half
height.

Low molecular weight metabolites (LMWMs) profile. Intact serum was analysed by *H-NMR using a
one-dimensional Carr-Purcell-Meiboom-Gill (CPMG) pulse. LMWMSs were identified using an
adaptation of Dolphin *. Each metabolite was identified by checking for all its resonances along the
spectra and then quantified using line—shape fitting methods on one of its signals.

Lipidomic profile. Lipophilic extracts were obtained from two 100 pL aliquots of freshly thawed plasma
using the BUME method * with slight modifications. Specifically, BUME was optimized for batch
extractions with di-isopropyl ether (DIPE) replacing heptane as the organic solvent. This procedure was
performed with a BRAVO liquid handling robot, which has the capacity to extract 96 samples at once.
The upper lipophilic phase was completely dried in Speedvac until evaporation of organic solvents and
frozen at -80°C until NMR analysis. Lipid extracts were reconstituted in a solution of CDCI3:CD30D:
D20 (16:7:1, v/viv) containing tetramethylsilane (TMS) at 1.18 mM as a chemical shift reference and
transferred into 5-mm NMR glass tubes. *H-NMR spectra were measured at 600.20 MHz using an
Avance |11 600 Bruker spectrometer. A 90° pulse with water pre-saturation sequence (zgpr) was used.
Quantification of lipid signals in *H-NMR spectra was carried out with LipSpin *. Resonance
assignments were made based on values in the literature %,

2.4. Statistical analysis

General data analysis procedures. Except when otherwise stated, all data are presented as the mean
and interquartile range (IQR) for continuous variables. Differences in the mean values of clinical
variables across groups were assessed using the Kruskal Wallis test for continuous variables and the
Chi-square test for categorical variables. Negative and zero values in the metabolomics data set were
set to “not a number”. Association between disease status (exposure) and log-transformed
metabolomics profiles (outcome) was assessed using linear regression models adjusted by body mass
index (BMI), sex, smoking status, statins use, and presence of diabetes treatment. Finally, the diagnostic
performance of the metabolomics profiles was assessed by means of the MetaboAnalyst platform 4.
First, the metabolomics data set was normalized by median and scaled using the autoscale scaling
method. Then, a partial least squares — discriminant analysis (PLS-DA) multivariate model with two
latent variables provided in this platform was used to build a predictive model, where features were
ranked according to its individual diagnostic performance based on area under the curve (AUC) score.
Also, our multivariate analysis included metabolite ratios (top 20 metabolite ratios based on individual
performance). Finally, ROC curves were generated by Monte-Carlo cross validation (MCCV) using
balanced sub-sampling. In brief, in each MCCV, two thirds (2/3) of the samples were used to evaluate
the feature importance. The top 3, 5, 10, 20, 50, and 100 important features were then used to build
classification models which were validated on the 1/3 the samples that were left out. The procedure was
repeated multiple times to calculate the performance and confidence interval of each model.

2.5. Ethics

The study was approved by the Bellvitge University Hospital Ethics Committee in accordance with
Spanish legislation, and the procedures followed complied with the ethical standards of the Helsinki
Declaration (PR037/21), and written informed consent was obtained for all cases.

2.6 Data deposition and materials sharing
The raw data of this study will be made available in a public metabolomic repository on publication.
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2.6. Role of funding source

The funding source had no role in data collection, analysis, interpretation, writing or decision to
submit the manuscript. No authors were paid to write this article by any pharmaceutical company or
other entity.

3. RESULTS
3.1. Cohort characteristics

The clinical characteristics, blood test results at the time of sampling, COVID-19 treatment and
outcomes of the 148 included hospitalized COVID-19 patients are summarized in Table 1 and 2.
Patients were classified according the WHO Clinical Progression Scale at baseline and over the course
of their hospitalization. A total of 126 (85-1%) patients had moderate disease status (categories 4 and
5) at baseline of whom 19 (12-8%) progressed to severity and 108 (72-3%) did not, while 22 (14-8%)
were severe (categories 6 to 9) at the time of sampling. The mean age was 64.4 years, 65 (43-9%) were
assigned female at birth, 38 (25-7%) had diabetes, 27 pre-existing lung disease (18-2%), 23 (15-5%)
heart disease and 19 (12-8%) chronic renal failure. Patients’ characteristics and comorbidities between
moderate without progression, moderate with progression and severe disease status were similar except
for severe subjects being older (64 vs 73 years). The mean time from symptoms onset to hospital
admission was 7 days and most patients presented with cough (70.9%), dyspnoea (48%), diarrhoea
(33-8%), and cephalea (17-6%). Routine blood test results at the time of sampling showed significant
differences between moderate patients without progression and moderate with progression to severity.
Higher glucose, C-reactive protein levels, and reduced lymphocyte count were noted in those patients
who later progressed to severity. Patients who were already severe at baseline had even higher levels of
glucose, C-reactive protein and presented an increased neutrophils count. Treatments included
corticosteroids (87-2%), remdesivir (37-8%) and tocilizumab (30-4%). The median length of
hospitalization stay was 8 days, which was significantly longer for severe patients (seven vs 21-8). A
total of 26 patients (17-6%) required a non-rebreather mask (NRB), 40 (27%) high flow nasal cannula
(HFNC), 2 (1-4%) non-invasive (NIV) and 8 (5-4%) invasive mechanical ventilation at any given time
during hospitalization for at least 24h. Eleven (7-4%) patients were admitted to the intensive care unit
(ICU) and in-hospital mortality was 6-8%.
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3.2. Metabolomic profile of severe COVID-19.

In order to develop a metabolomics profile of severe COVID-19, the serum metabolites of patients with
severe disease status (WHO Clinical Progression Scale categories 6 to 9) at the moment of sampling
(n=22) were compared to patients with moderate disease status (WHO Clinical Progression Scale
categories 4 or 5). Regarding the lipoprotein and glycoprotein analysis (Table 3), all lipid-related
parameters (cholesterol and triglycerides) were significantly increased in severe disease status, except
for HDL-C, which was reduced, and LDL-C, for which no differences were detected. Different
lipoprotein particle concentrations, with an increase in total VLDL in severe patients driven by an
increase of small VLDL particles, were found. This, however, did not lead to significant differences in
the average size of VLDL particles. In contrast, severe disease status was associated with lower levels
of small HDL particles and enlarged HDL particles. While no statistically significant differences in the
particle concentration of LDL subclasses were found, average LDL particle size was higher in severe
patients. In addition, four out of five analysed glycoproteins (Glyc-B, Glyc-A, H/W glyc-B, H/W Glyc-
A) showed increased concentrations severe patients. As for the analysis of low-molecular weight
metabolites (Table 4), 3-hydroxibutyrate, glucose, glycerol, lactate, threonine, valine, isoleucine, and
leucine were significantly increased in severe patients. In addition, several lipid-related parameters
(Table 5) showed higher concentrations in the severe group.

When the moderate group was restricted to patients without progression towards severity (n = 108), all
the previous parameters were still significant except for VLDL-TG, PL and PUFA4, which, although
showing a trend, lost their statistical significance.

3.2. Prediction of progression towards severity

With a view to develop a model predictive of progression towards severity, moderate patients at baseline
(WHO Clinical Progression Scale categories 4 or 5) at baseline who did not progress towards severity
(WHO Clinical Progression Scale categories 6 to 9) over the course of hospitalization (n=108) were
compared to those with those who did (n=19). The univariate analysis showed nine parameters with
significant differences (small LDL-P, medium HDL-P, Glyc-B, alanine, glutamine, isoleucine, SFA,
w6+w7, and ARA+EPA), see Tables 3, 4 and 5.

We developed a multivariate statistical model to create a metabolomic signature of progression towards
severity. Metabolite ratios were incorporated into the model in order to increase the statistical power.
The 20 most important ratios based on their individual performance to distinguish progression towards
severity and on the p-values resulting from a t-test, were included in the data set to build and validate
the multivariate model. Our multivariate model showed a cross-validated AUC of 0.82 and a predictive
accuracy of 72% (Figure 1) for progression towards severity (WHO Clinical Progression Scale
categories 6 to 9) for hospitalized COVID-19 patients with moderate disease status (WHO Clinical
Progression Scale categories 4 or 5). The two most important variables of our multivariate model were
the small LDL-P/medium HDL-P and LDL-C/medium HDL-P ratios (Figures 2 and 3). While in the
first case the two constituents (i.e. small LDL-P and medium HDL-P) were significant in our univariate
analysis, in the second case only medium HDL-P had been found significant as an individual marker,
while LDL-C had been found suggestively significant. Overall, 6 out of 9 suggestive parameters were
involved in the ratios found to be important for our multivariate model. In addition to LDL-C, the other
suggestive parameters were LDL-P, HDL-Z, Glyc-A, PUFA2, and EC. On the other hand, 7 important
ratios had one of the two constituents that, individually, were not discriminant of disease progression
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(univariate P-value > 0,1). These constituents were HDL-TG, large HDL-P, LDL-Z, leucine, glycerol,
creatine, and SM.

The 25 most important variables of our multivariate predictive model are shown in Figure 2, eighteen
of which were metabolite ratios (and half of them had medium HDL-P as constituent). The two most
important variables of our multivariate model were the small LDL-P/medium HDL-P and LDL-
C/medium HDL-P ratios (Figures 2 and 3).

4, Discussion:

Our prospective study, employing an NMR-based analytical platform, unveiled a metabolomic profile
indicative of severe COVID-19. Furthermore, we identified a metabolomic signature capable of
predicting progression towards severity at the time of hospital admission, preceding the onset of severe
disease status.

The metabolic profile associated with severe COVID-19 is largely consistent with previous studies on
metabolomics. We found profound changes in lipoprotein distribution in severe COVID-19, showing
an increased atherogenic risk with increased severity, small VLDL particles were increased while small
HDL particles were diminished. Small HDL particles, the HDL subspecies most decreased in this study
as well as another study“?, is also the HDL subspecies most strongly associated with cholesterol efflux
capacity function®®. Severe disease status (WHO Clinical Progression Scale categories 6 to 9) was
associated with an intense lipoprotein dysregulation towards increased TG, free cholesterol and
anomalous lipoprotein distribution with elevated IDL-C, LDL-C and VLDL subclasses while HDL-C
was decreased.

Our results are in line with previous studies who found a correlation between COVID-19 severity with
high triglyceride concentrations, no-HDL-C and low plasma HDL-cholesterol**#, an increased mean
size of VLCL particles'’ and higher levels of free cholesterol'®. We also found, unsurprisingly, an
elevated glyc-A and glyc-B signal in more severe patients. Glyc-A and glyc-B represent different
glycosylated amino sugar residues on acute phase reactants “°, with o-1-acid glycoprotein having the
strongest correlation with Glyc-A 6. Previous studies have related glyc-A with chronic inflammation
47 metabolic syndrome*®, increased severity “>%° and higher levels of CPR and IL-6 in COVID-19 *°,
Furthermore, severe COVID-19 patients had elevated levels of branched-chained amino acids (BCAAs:
leucine, isoleucine and valine) compared to moderate COVID-19 patients, results which are concordant
with prior studies 1°2°152, BCAAs are essential amino acids which act as substrates and regulator of
protein and glycogen metabolism °3°*, and modulate glucose metabolism. Elevated circulating levels of
BCAA:s are associated with catabolic states®®, and, through mTOR activation, linked to reactive oxygen
species production and mitochondrial dysfunction *® in addition to promoting endothelial dysfunction
5, In addition, concordant with prior studies, we found elevated glucose!* and accumulation of ketone
bodies in severe COVID-19 patients 2158, reflecting dysregulation of hepatic carbon metabolism'’.

When comparing moderate COVID-19 patients who did not progress with those who did, several of the
alterations in serum metabolites associated with severe disease status lost their significance. Most
notably, no differences in free cholesterol, phospholipids, IDL, VLDL, HDL were found, suggesting
that most of the intense lipoprotein dysregulation occurs in later disease stages. Higher levels of small
LDL particles with a decrease in medium HDL particles, not present in the metabolomic comparison of
moderate versus severe patients, was found to be predictive. A reduction of HDL has been previously
associated with worse outcomes®# and a predominance of small LDL particles compared to larger
LDL particles has been identified in COVID-19 patients “2. Increased levels of isoleucine, saturated
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fatty acids, and glyc-B, both associated with severe disease status, were also found to be predictive for
progression to severity. Furthermore, our results showed increased risk for progression in patients with
increased alanine and glutamine levels. These particular findings are surprising as glutamine is essential
for lymphocyte proliferation, cytokine production and macrophage activation, with increased demand
in catabolic/hypercatabolic circumstances®. In addition, prior studies comparing uninfected controls
versus COVID-19 patients found both decreased levels of alanine®° and glutamine!’#®%! in COVID-
19 patients and severe COVID-192. These diverging results may stem from differences in the compared
cohorts. SARS-CoV-2 infection correlates with reduced glutamine levels compared to uninfected
individuals. However, we compared moderate COVID-19 patients without progression with those who
did progress at later stages. We also found higher levels of Arachidonic Acid in patients with
progression.

Several strengths of our study should be noted. Firstly, we utilized NMR based spectroscopy, which
allows for a rapid, highly accurate, non-destructive, and quantitative analysis. Unlike many studies that
employ heterogeneous definitions of COVID-19 severity, potentially leading to misclassification amid
healthcare resource strain during surges, we defined severity according to the WHO Clinical
Progression Scale categories. In contrast to several prior predictive metabolomics models, which often
compare patients who have already reached severe disease with mild to moderate COVID-19
patients!®252684 our approach involved comparing patients with equivalent clinical status at baseline
status. Furthermore, our multivariate model, incorporating metabolite ratios, showed a cross-validated
AUC of 0-82 and a predictive accuracy of 72% for progression towards severity upon admission for
hospitalized COVID-19 patients with moderate disease status and similar oxygen saturation.

In conclusion, severe COVID-19 was associated with a distinct metabolomic signature associated with
an increased atherogenic risk and a pro-inflammatory catabolic state with dysregulated carbon
metabolism. Notably, patients presenting with moderate disease but at a high risk of deterioration
exhibit a characteristic metabolomic signature, which can be swiftly, determined using NMR-based
platforms, thereby providing a better metric for resource allocation and early treatment. These results
should be assessed in larger prospective cohorts with other variants and populations with pre-existing
immunity. Moreover, our findings opens avenues for further research.

5. Limitations of the study:

Our study has some limitations that should be acknowledged. Firstly, due to the nascent stage of vaccine
within the general population in Spain at the study period, only unvaccinated patients without prior
known COVID-19 were included. Secondly, the study period coincided with the predominance of the
Alpha (B.1.1.7) variant of SARS-CoV-2. Subsequent variants and subvariants might have elicited
different host responses. Lastly, the sample size was moderately small, 148 patients of whom 19
progressed following baseline sampling. However, the patients included in our study were followed up
daily, which allowed an accurate assessment of their clinical disease trajectory.
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Figure 1. Area under the curve (AUC) of the sensitivity (a) and specificity (b) of the multivariate model for
progression towards severity (WHO Clinical Progression Scale categories 6 to 9) for hospitalized COVID-19
patients with moderate disease status (WHO Clinical Progression Scale categories 4 or 5). The models shows a
predictive accuracy of 72% with a cross-validated AUC of 0-82.
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Figure 2. The 25 most important variables to predict progression towards severity (WHO Clinical Progression
Scale categories 6 to 9) for hospitalized COVID-19 patients with moderate disease status (WHO Clinical
Progression Scale categories 4 or 5), of which eighteen are metabolite ratios included in the data set to build and
validate the multivariate predictive model. Class 1: Moderate disease status with progression; Class 2: Moderate
disease status without progression.
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Figure 3 shows the individual performance to distinguish progression towards severity (WHO Clinical
Progression Scale categories 6 to 9) for hospitalized COVID-19 patients with moderate disease status (WHO
Clinical Progression Scale categories 4 or 5) of the two most important variables of our multivariate model,
small LDL-P/medium HDL-P (a and b) and LDL-C/medium HDL-P ratios (c and d). Class 1: Moderate disease
status with progression; Class 2: Moderate disease status without progression.

11. Tables

Table 1. Demographic data, clinical characteristics, blood test results, symptoms of the cohort of COVID-19 patients at the

time of sampling (<48 hours of hospital admission).

Total (n = 148) Moderate at Moderate at Severe at P-value
baseline without baseline with baseline (n =
progression (n = progression (n = 22)
107) 19)

Demographic and clinical characteristics
Age (mean), years 67-5 (22-0) 64-0 (23-8) 73-0 (15-0) 73:0 (22-0) 0-0264
Sex assigned at birth, n (%) women 65 (43-9) 48 (44-9) 8 (42-1) 9 (40.9) 0-9302
Body mass index (BMI), kg - m2 30-0 (6-8) 30-5(6-7) 27-0 (4-7) 31-4(7-8) 0-0184
Obesity > class IT (BMI>35), n (%) yes 45 (30-4) 30 (28:0) 3(15-8) 12 (54-6) 0-0161
Influenza vaccine, n (%) yes 72 (48-7) 50 (46-7) 13 (68-4) 9 (40-9) 0.1605
Risk factors*, n (%) yes 100 (67-6) 69 (64-5) 12 (63-2) 19 (86-4) 0-1237
Diabetes, n (%) yes 38 (25:7) 27 (25-2) 5(26-3) 6 (27-3) 0.9780
Pre-existing lung disease, n (%) yes 27 (18-2) 20 (18:7) 4(21-1) 3(13:6) 0.8073
Heart disease, n (%) yes 23 (15-5) 16 (15-0) 2 (10-5) 5(22.7) 0.5332
Chronic renal failure, n (%) yes 19 (12-8) 12 (11-2) 2 (10-5) 5(22:7) 0.3222
Stroke, n (%) yes 5(3-4) 4(3:7) 0(0-0) 1(4-6) 0.6708
Hepatopathy, n (%) yes 5(3:4) 4(3-7) 0(0-0) 1(4-6) 0-6708
Blood test results
Glucose: mg/dL 117-0 (38-8) 114-0 (32-0) 123-0 (39-8) 137-0 (110-0) 0-0262
Leucocytes/uL 6800 (3350) 6700 (3350) 5600 (3175) 8650 (8200) 0-0054
Neutrophils/uL 4870 (3210) 4690 (2917) 4270 (3015) 7050 (6630) 0-0009
Lymphocytes/uL 1000 (720) 1060 (635) 780 (1192) 845 (670) 0-0358
Platelets/ul 206000 (92000) 201000 (99250) 196000 (101250) | 231500 (77000) 0-1035
Creatinine: umol/L 73-5(37-0) 73-0 (28-8) 91-0 (35-0) 82-0 (60-0) 0-1932
Uric acid- mg/L 32:0 (33:0) 29-5 (25-0) 39-0(18:0) 54.5 (46-0) 0-1000
C-reactive protein- mg/L 82:7 (94-2) 69-2 (75-2) 104-6 (81-6) 141-5 (121-3) <0-0001
Symptoms and vital constants
Cough, n (%) yes 105 (70-9) 77 (72-0) 12 (63-2) 16 (72-7) 0-7238
Dyspnoea, n (%) yes 71 (48-0) 43 (40-2) 9 (47-4) 19 (86-4) 0-0004
Diarrhoea, n (%) yes 50 (33-8) 38(35-5) 6 (31-6) 6(27-3) 0-7403
Cephalea, n (%) yes 26 (17-6) 18 (16-8) 5(26-3) 3(13:6) 0-5273
Odynophagia, n (%) yes 10 (6-8) 6 (5-6) 1(5-3) 3(13:6) 0-3783
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Days from symptoms onset to hospital 7-0 (5-5) 7-0 (5-0) 6-0 (3-8) 6-5 (6-0) 0-2572
admission

Oxygen saturation (SO,)- % 95-0 (3:0) 95.0 (2-8) 95-0 (3:5) 880 (7:0) <0-0001
Systolic blood pressure (SBP)- mmHg 131-5 (26-0) 134-0 (28-0) 124.0 (29-8) 127-0 (15-0) 0-1944
Diastolic blood pressure (DBP).- mmHg 77-0 (18-0) 77-5 (20-0) 76-0 (18-3) 725 (22:0) 0-5928
Temperature: °C 36-6 (0-8) 36-6 (0-7) 36-5(1-0) 366 (1-3) 0-5400
Cardiac frequency: bpm 88-0 (24-0) 86 (21-5) 90-0 (26-8) 89-5 (32:0) 0-8899

*Risk factors refers to any patients with diabetes- heart disease- pre-existing lung disease- stroke or chronic

renal failure. Moderate disease status is defined as category 4 or 5- and severe disease status as categories 6 to 9
following the WHO Clinical Progression Scale. The P-value corresponds to the result of the Chi-square test for
the qualitative variables and the Kruskal Wallis test for the quantitative ones.

Table 2 COVID-19 treatment and outcomes.

Total (n= | Moderate without Moderate with Severe (n = P-value
148) progression (n = progression (n = 22)
107) 19)

COVID-19 treatments
Corticosteroid, n (%) yes 129 (87-2) 88 (82-2) 19 (100-0) 22 (100-0) 0-0154
Remdesivir, n (%) yes 56 (37-8) 39 (36-4) 13 (68-4) 4(18-2) 0.0036
Tocilizumab, n (%) yes 45 (30-4) 21 (19-6) 11 (57-9) 13 (59-1) <0-0001
Outcomes
Median length of hospitalization stay (days- 8:0(7-0) 7-0 (4-0) 15-0 (10-8) 17-5 (16-0) <0-0001
SD)
NRB >24 h at any given time, n (%) yes 26 (17-6) 0(0-0) 12 (63-2) 14 (63-6) <0-0001
HFNC >24h at any given time, n (%) yes 40 (27-0) 0(0-0) 19 (100-0) 21 (95-5) <0-0001
NIV >24h at any given time, n (%) yes 2(1-4) 0(0-0) 1(5-3) 1(4-6) 0-0696
Invasive mechanical ventilation, n (%) yes 8 (54) 0(0-0) 1(5-3) 7(31-8) <0-0001
Intensive care Unit admission, n (%) yes 11(7-4) 1(0-9) 2 (10-5) 8 (36-4) <0-0001
In-hospital mortality, n (%) yes 10 (6-8) 0(0-0) 3(15-8) 7(31-8) <0-0001

NRB: non-rebreather mask; HFNC: High flow nasal cannula; NIV: Non-invasive mechanical ventilation.
Moderate disease status is defined as category 4 or 5- and severe disease status as categories 6 to 9 following the
WHO Clinical Progression Scale. The P-value corresponds to the result of the Chi-square test.
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Table 3. Lipoproteins and glycoproteins comparison between groups.

Moderate at baseline (n = 22)

'S

Severe at baseline (n = 127)

Moderate at baseline without progression (n =

108)
Vs
Severe at baseline (n = 22)

Moderate at baseline withot
progression (n = 19)
'S
Moderate at baseline with
progression (n = 108)

Lipoproteins B SE P-value p SE P-value p SE P-ve
VLDL-C 0-1037 | 0-0372 | 0-0061 0-1047 0-0387 0-0078 0-0315 | 0-1105 | 0.7
IDL-C 0-1728 | 0-0349 | 0-0000 0-1721 0-0366 0-0000 0-0072 | 0-1075 | 0-9
LDL-C -0-0066 | 0-0177 | 0-7107 -0-0126 0-0182 0-4893 0-0982 | 0-0525 | 0-0f
HDL-C -0-0417 | 0-0187 | 0-0273 -0-0394 0-0176 0-0272 -0-0536 | 0-0535 | 0-3:
VLDL-TG 0-0729 | 0-0349 | 0-0386 0-0698 0-0360 0-0551 0-1044 | 0-1018 | 0-3(
IDL-TG 0-1361 | 0-0266 | 0-0000 0-1378 0-0279 0-0000 -0-0031 | 0-0807 | 0-9¢
LDL-TG 0-1233 | 0-0304 | 0-0001 0-1226 0-0317 0-0002 0-0433 | 0-0927 | 0-6¢
HDL-TG 0-0710 | 0-0175 | 0-0001 0-0735 0-0183 0-0001 -0-0593 | 0-0544 | 0-2
VLDL-P 0-0809 | 0-0344 | 0-0203 0-0792 0-0358 0-0289 0-0867 | 0-1005 | 0-3¢
Large VLDL-P 0-0469 | 0-0263 | 0-0771 0-0450 0-0273 0-1029 0-0815 | 0-0758 | 0-2¢
Medium VLDL-P 0-0664 | 0-0545 | 0-2253 0-0612 0-0554 0-2711 0-1310 | 0-1610 | 0-4
Small VLDL-P 0-0823 | 0-0346 | 0-0190 0-0810 0-0361 0-0266 0-0864 | 0-1007 | 0-3¢
LDL-P 0-0097 | 0-0172 | 0-5735 0-0042 0-0176 0-8138 0-0959 | 0-0506 | 0-0f
Large LDL-P 0-0147 | 0-0146 | 0-3140 0-0114 0-0151 0-4527 0-0467 | 0-0435 | 0-2¢
Medium LDL-P 0-0517 | 0-0304 | 0-0916 0-0441 0-0314 0-1625 0-1394 | 0-0917 | 0.1
Small LDL-P -0-0119 | 0-0148 | 0-4237 -0-0169 0-0150 0-2630 0-0904 | 0-0432 | 00
HDL-P -0-0275 | 0-0163 | 0-0944 -0-0252 0-0155 0-1059 -0-0249 | 0-0469 | 0-5¢
Large HDL-P 0-0129 | 0-0117 | 0-2721 0-0102 0-0114 0-3730 -0-0162 | 0-0347 | 0-6¢
Medium HDL-P 0-0141 | 0-0124 | 0-2575 0-0169 0-0115 0-1452 -0-0863 | 0-0362 | 0-0:
Small HDL-P -0-0573 | 0-0277 | 0-0406 -0-0586 0-0256 0-0241 0-0036 | 0-0822 | 0-9¢
VLDL-Z -0-0005 | 0-0006 | 0-3416 -0-0006 0-0006 0-2700 0-0001 | 0-0016 | 0-9
LDL-Z 0-0023 | 0-0009 | 0-0083 0-0023 0-0009 0-0083 -0-0014 | 0-0025 | 0-5
HDL-Z 0-0040 | 0-0013 | 0-0030 0-0040 0-0012 0-0012 -0-0061 | 0-0035 | 0-O

Glycoproteins
Glyc-B 0-0359 | 0-0127 | 0-0054 0-0353 0-0117 0-0031 0-0844 | 0-0375 | 0-0:
Glyc-F 0-0204 | 0-0147 | 0-1663 0-0198 0-0147 0-1788 0-0145 | 0-0458 | 07
Glyc-A 0-0461 | 0-0146 | 0-0020 0-0452 0-0142 0-0018 0-0824 | 0-0438 | 0-0¢
H/W Glyc-B 0-0351 | 0-0122 | 0-0046 0-0353 0-0119 0-0037 0-0473 | 0-0364 | 0-1¢
H/W Glyc-A 0-0448 | 0-0133 | 0-0010 0-0452 0-0131 0-0008 0-0434 | 0-0405 | 0-2¢

Analysis of lipoprotein and glycoprotein in patients with severe versus moderate disease status at baseline,
severe disease status at baseline versus moderate without progression to severity and moderate patients with
progression versus moderate without progression. Significant p values are highlighted in bold. Moderate
disease status is defined as category 4 or 5, and severe disease status as categories 6 to 9 following the WHO
Clinical Progression Scale.

Abbreviations: B (regression coefficient), SE (standard error), VLDL-C (very-low-density lipoprotein
cholesterol), IDL-C (intermediate-density lipoprotein cholesterol), HDL-C (high-density lipoprotein

cholesterol), VLDL-TG (very-low-density lipoprotein triglycerides), IDL-TG (intermediate-density lipoprotein
triglycerides), LDL-TG (low-density lipoprotein triglycerides), HDL-TG (high-density lipoprotein
triglycerides), VLDL-P (very-low-density lipoprotein particle), LDL-P (low-density lipoprotein particle), HDL-
P (high-density lipoprotein particle), VLDL-Z (very-low-density lipoprotein diameter), LDL-Z (low-density

lipoprotein diameter), HDL-Z (high-density lipoprotein diameter).

Table 4. Low-molecular-weight metabolites comparison between groups.

Severe at baseline (n = 22)

'S

Moderate at baseline (n = 127)

Severe at baseline (n = 22)
Vs

Moderate at baseline without progression (n =

108)

Moderate at baseline with
progression (n = 19)
Vs
Moderate at baseline withou
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progression (n = 108)

B SE P-value p SE P-value p SE P-ve
3-Hydroxybutyrate | 0-3587 | 0-0939 0-0002 0-3739 0-0960 0-0002 -0-4490 | 0-2899 | 0-1
Acetone 0-1119 | 0-0620 0-0733 0-1179 0-0632 0-0645 -0-1882 | 0-1845 | 0-3!
Alanine -0-0294 | 0-0235 0-2136 -0-0367 0-0241 0-1297 0-1475 | 0-0729 | 0-0¢
Creatinine 0-0071 | 0-0353 0-8406 0-0128 0-0362 0-7244 -0-0698 | 0-1056 | 0-5(
Creatine 0-0411 | 0-0332 0-2180 0-0394 0-0345 0-2559 0-1207 | 0-1016 | 0-2
Glucose 0-1360 | 0-0324 | 0-0001 0-1403 0-0347 0-0001 0-0180 | 0-0998 | 0-8:
Glutamate 0-0658 | 0-0345 0-0589 0-0613 0-0344 0-0776 0-0465 | 0-1066 | O-6¢
Glutamine -0-0195 | 0-0197 0.3257 -0-0274 0-0195 0-1620 0-1800 | 0-0591 | 0-0(
Glycerol 0-1357 | 0-0249 0-0000 0-1424 0-0260 0-0000 -0-0244 | 0-0761 | 0-7
Glycine 0-0088 | 0-0240 0.7152 0-0072 0-0247 0-7702 0-0438 | 0-0676 | 0-5!
Histidine -0-0010 | 0-0180 0-9569 -0-0010 0-0172 0-9554 0-0564 | 0-0545 | 0-3(
Lactate 0-1473 | 0-0294 | 0-0000 0-1505 0-0312 0-0000 -0-0865 | 0-0891 | 0-3
Threonine 0-0582 | 0-0190 0-0027 0-0578 0-0202 0-0050 -0-0189 | 0-0546 | 0-7
Tyrosine -0-0086 | 0-0229 0-7090 -0-0098 0-0230 0-6696 0-0003 | 0-0721 | 0-9¢
Valine 0-0568 | 0-0177 0.0017 0-0528 0-0188 0-0059 0-0439 | 0-0510 | 0-3
Isoleucine 0-0842 | 0-0308 0.0071 0-0698 0-0315 0-0288 0-2134 | 0-0895 | 0:0:
Leucine 0-0912 | 0-0232 0-0001 0-0909 0-0244 0-0003 -0-0164 | 0-0684 | 0-8:

Analysis of low-molecular-weight metabolites (LMWM) in patients with severe versus moderate disease status
at baseline, severe disease status at baseline versus moderate without progression to severity and moderate
patients with progression versus moderate without progression. Significant p values are highlighted in bold.
Moderate disease status is defined as category 4 or 5, and severe disease status as categories 6 to 9 following the

WHO Clinical Progression Scale.

Abbreviations: B (regression coefficient), SE (standard error).

Table 5. Lipids comparison between groups.

Severe at baseline (n = 22) Severe at baseline (n = 22) Moderate at baseline with

S Vs progression (n = 19)

Moderate at baseline (n = 127) Moderate at baseline without progression (n = Vs

108) Moderate at baseline withou

progression (n = 108)
p SE P-value p SE P-value p SE P-ve
EC 0-0160 | 0-0155 | 0-3027 0-0116 0-0156 0-4600 0-0771 | 0-0462 | 0-0
FC 0-0376 | 0-0142 | 0-0089 0-0366 0-0148 0-0145 0-0178 | 0-0429 | 0-6
TG 0-0893 | 0-0364 | 0-0154 0-0833 0-0378 0-0296 0-1307 | 0-1063 | 0-2
PL 0-0341 | 0-0159 0-0334 0-0311 0-0167 0-0652 0-0525 | 0-0472 0-2¢
PC 0-0401 | 0-0160 | 0-0135 0-0359 0-0167 0-0337 0-0666 | 0-0479 | 0-1f
SM 0-0032 | 0-0134 | 0-8104 0-0016 0-0137 0-9094 0-0331 | 0-0398 | 0-4(
LPC 0-0094 | 0-0242 | 0-6981 -0-0003 0-0244 0-9892 0-1296 | 0-0719 | 0-0
PUFA1 -0-0155 | 0-0293 | 0-5982 -0-0188 0-0294 0-5246 0-0754 | 0-0896 | 0-4(
PUFA2 0-0323 | 0-0352 | 0-3604 0-0225 0-0322 0-4873 0-2185 | 0-1110 | 0-0f
PUFA3 -0-0062 | 0-0226 | 0-7852 -0-0085 0-0232 0-7155 0-0596 | 0-0664 | 0-3
PUFA4 0-0539 | 0-0270 | 0-0480 0-0482 0-0282 0-0905 0-1433 | 0-0814 | 0-0
Linoleic 0-0476 | 0-0281 | 0-0922 0-0397 0-0265 0-1371 0-1665 | 0-0868 | 0-0
SFA 0-0503 | 0-0187 | 0-0080 0-0396 0-0184 0-0331 0-1322 | 0-0560 | 0-0:
w6+w7 0-0476 | 0-0184 | 0-0108 0-0407 0-0186 0-0306 0-1168 | 0-0550 | 0-0:
w9 0-0890 | 0-0353 | 0-0129 0-0933 0-0369 0-0128 -0-0187 | 0-1069 | 0-8¢
w3 0-0266 | 0-0237 | 0-2639 0-0282 0-0250 0-2623 0-0436 | 0-0704 | 0-5:
DHA 0-0405 | 0-0310 | 0-1939 0-0332 0-0324 0-3081 0-1370 | 0-0951 | 0-1
ARA+EPA -0-0134 | 0-0204 | 0-5109 -0-0184 0-0201 0-3615 0-1181 | 0-0593 | 0:-0:
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Analysis of lipids in patients with severe versus moderate disease status at baseline, severe disease status at
baseline versus moderate without progression to severity and moderate patients with progression versus
moderate without progression. Significant p values are highlighted in bold. Moderate disease status is defined as
category 4 or 5, and severe disease status as categories 6 to 9 following the WHO Clinical Progression Scale.
Abbreviations: B (regression coefficient), SE (standard error)- EC (esterified cholesterol), FC (free cholesterol),
TG (triglycerides), PL (phospholipids), PC (phosphatidylcholine), SM (sphingomyelin), LPC
(Lysophosphatidylcholine), PUFA (polyunsaturated fatty acids), SFA (saturated fatty acids), DHA
(Docosahexaenoic acid)- ARA (Arachidonic Acid), EPA (eicosapentaenoic acid)
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Discussion

Our investigations focused on the host-pathogen interaction in CAP and COVID-19.

First, we focused on the genome-wide expression of all genes in the peripheral blood,
examining the whole-blood transcriptomic of hospitalised patients with CAP. We
compared the whole blood transcriptomic of those who died with those who survived in
order to identify pathways that not only inform about pathophysiology but may also be
suitable as prognostic biomarkers. Previous studies evaluating transcriptomic profiles
associated with severity or mortality in CAP are scarce. For instance, Hopp et al (280)
observed dysregulation in immune pathways, such as T-cell immune suppression, chemokine
receptor deactivation, and macrophage polarization, in septic patients within the ICU.
Similarly, Severino et al (281) noted differences in oxidative phosphorylation in mononuclear
cells at hospitalisation seemed to be associated with prognosis. Moreover, comparisons
between admission and follow-up samples highlighted distinct gene expression profiles
between survivors and non-survivors, with a notable decrease in genes associated with
immune functions. Our study distinguishes itself in terms of objectives, inclusion criteria,
and methods for assessing gene expressions, employing whole blood instead of mononuclear

cells.

Among the identified pathways, certain findings reveal a dual role—a "double-edged
sword"—whereby they contribute both to pathogen defence and organ damage. Notably,
gene sets positively enriched in deceased CAP patients were associated with apoptosis,
interferon alpha response, and sex hormones. Dysregulated apoptosis, linked with stress-
induced transcription factor p53 activation, may contribute to immune dysfunction, impaired
perfusion, and tissue hypoxia, potentially leading to multiple organ failure in sepsis (282).
Evidence suggests that prevention of cell apoptosis can improve prognosis in animal models
of sepsis. A study documented that that the lungs of naive p53(-/-) mice display
proinflaimmatory genes and clear pathogens more successfully than controls after

intrapulmonary infection (283).

Furthermore, our data highlighted a significant enrichment in genes associated with
spermatogenesis. Sex hormones have been described to have regulatory influences on
immune responses. Oestradiol can stimulate the production of proinflammatory cytokines
and macrophage activation, and testosterone has a suppressive impact on immune responses
and enhances vulnerability to infection (284). High oestrogen levels, such as oestradiol, have

been observed in male and female patients with sepsis and septic shock, and has been related
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with a significant higher risk of in-hospital mortality (284,285). Moreover, in males with CAP,
sex and mineralocorticoid hormone metabolites have been related with inflammation, disease

severity and long-term survival (286).

Other key feature of the gene expression profile in CAP patients who died that we
found was upregulation of the interferon-alpha response pathway. Beyond its antiviral
properties, the type 1 interferon-alpha also has a role in bacterial replication and lung
inflammation control. Improved outcomes were noted in animal models of bacterial
pneumonia through interferon-alpha mediated neutrophil and macrophage activation (287).
However, unchecked interferon-alpha activity may lead to pathogenic damage and an

uncontrolled inflammatory response (288) and is associated with CAP severity (289).

Conversely, surviving CAP patients exhibited positively enriched gene sets related to
oxidative stress, angiogenesis, and endoplasmic reticulum stress pathways. Regarding
oxidative stress, organisms that live under aerobic conditions are exposed to several oxidizing
agents, including reactive oxygen species and reactive nitrogen species. These reactive species
have essential biological functions for normal cell development. However, the imbalance
between the generation of reactive species and antioxidant defence, known as oxidative
stress, can result in impaired homeostasis and lead to various pathologies (290). Oxidative
stress is part of the pathogenic mechanism for CAP and is closely linked to inflaimmation

(291).

Numerous biomarkers have been associated with angiogenesis, including
angiopoietins, the members of the vascular endothelial growth factor family, transforming
growth factors, interleukins, platelet-derived growth factor, and fibroblast growth factor
family. During infection, factors related with angiogenesis and endothelial barrier are
essential for the migration of the cells of the immune system into infected tissues, but they
can also participate in the pathogenesis of septic shock and acute multiple organ dysfunction
(292). Moreover, under conditions that causes stress and inflammation, endoplasmic
reticulum loses the homeostasis in its function, which is termed as endoplasmic reticulum
stress. During endoplasmic reticulum stress, unfolded protein response (UPR) is activated to
restore the normal endoplasmic reticulum function. UPR preserves a homeostatic
environment and regulates a wide variety of cellular processes, such as cellular proliferation
and differentiation, inflammation, apoptosis, and angiogenesis. However, excessive and

prolonged activation of UPR can lead to cell dysfunction, death, and disease (293). Finally,
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transcription factor MY C may be an important regulatory gene in the underlying dysfunction

of sepsis-induced ARDS (294).

Our study has several limitations that should be acknowledged. The small sample size
of deceased patients warrants validation in larger cohorts, and confounding variables such as
age and underlying diseases were not adjusted. Additionally, our study captured gene
expression profiles at a single time point, thus, potentially overlooking dynamic changes
throughout the disease course. Future research should address these limitations and confirm

our findings using real-time quantitative polymerase chain reaction of target genes.

Following our investigation of the gene expression profile of hospitalised CAP
patients, our research focus shifted towards describing host-pathogen factors contributing
to one of the most significant complications of CAP—acute cardiac events. Although
limited, previous studies have aimed to identify clinical risk factors for these events, and
animal research has highlighted the strain-dependency of cardiac lesions induced by S.
prenmoniae, the most frequent bacterial cause of CAP. Given this context, we sought to
investigate both the host factors and association between pneumococcal serotypes or

clonal complexes and the risk of developing acute cardiac events.

Among the host factors independently linked with acute cardiac events in
pneumococcal pneumonia, we identified older age, pre-existing heart conditions,
pneumococcal bacteraemia, septic shock at admission, and high risk-pneumonia. Notably,
pre-hospitalisation antibiotic treatment for the acute episode of pneumococcal pneumonia
showed a trend towards a protective effect against acute cardiac events, although statistical
significance was not reached in multivariate analysis. Experimental animal studies have
shown a significant positive correlation between pneumococcal blood load and cardiac
damage (106,109) and pneumococcal bacteraemia has been shown to be an important trigger
for the development of acute cardiac events in CAP patients. As we found a lower incidence
of bacteraemia with a less severe clinical presentation in patients with pre-hospitalisation

antibiotic treatment, a lower incidence of cardiac complications seems logical.

Existing data on pneumococcal strains and cardiac complications are primarily
derived from limited studies (109,254). One experimental study involving a small sample size
of mice revealed that only serotypes capable of causing high-grade bacteraemia, such as
serotypes 2, 3, 4, and 6A, induced cardiac damage (109). Moreover, for the serotypes that
could invade the heart, the type of cardiac damage was strain specific. Another study of

patients with invasive pneumococcal disease found an association between serotypes 3 and
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9N and acute cardiac events, although clonal complexes were not analysed (254). Contrary
to these findings, our study, encompassing a larger patient cohort, did not find a significant
association of serotypes 3 and 9N with acute cardiac events. Our study, analysing serotypes
isolated from 872 patients and clonal complexes from 742, observed a negative trend linking
acute cardiac events with certain highly clonal serotypes, notably 5 (CC289) or 1 (CC300),
and a tendency for clonal complex CC230 to be associated with a higher incidence of acute
cardiac events. This finding, though not statistically significant, holds potential clinical
relevance. Especially considering that clonal complex CC230 is mainly related to serotypes
19A and 24F, with serotype 24F not being covered by existing vaccines. Additionally, our
findings suggest that genetic background, and not serotype, could play a major role in these

serious complications.

Our discovery regarding the potential association of CC230 with a higher incidence
of acute cardiac events warrants further investigation through multicentre studies involving
diverse geographical regions and a larger array of pneumococcal strains. Moreover, our study
paves the way for future research exploring the long-term risk of serious cardiac events

associated with specific pneumococcal serotypes and genotypes.

Despite a number of strengths, our study has some limitations that should be
acknowledged. Firstly, the study involved a cohort of adults with pneumococcal pneumonia
recorded over more than twenty years at a single centre. This may limit the extrapolation of
our results to other geographical areas where other serotypes and clonal complexes may be
more prevalent (295). Secondly, while serotyping and genotyping were not conducted for all
isolates, they were determined for the majority of the 983 isolates, with serotypes identified
in 89% and genotypes in 76% of cases, respectively. Thirdly, the small number of some
serotypes and clonal complexes limited the analysis of their potential relationship with acute
cardiac complications. Finally, the exacerbation of pre-existing heart conditions was
considered as an acute cardiac event, which could potentially confound the results. However,
when analysing only new-onset arrhythmias, new-onset heart failures, and myocardial

infarctions, similar findings were observed.

With the emergence of SARS-CoV-2, a novel human betacoronavirus, and its wide
spectrtum of clinical presentations, there arose an urgent need for insights into its
pathogenesis. However, many transcriptomic studies of COVID-19 focused on single time

points per patient, overlooking the dynamic nature of the disease. Therefore, our objective
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was to enhance comprehension of the undetlying transcriptomic host response to SARS-
CoV-2 infection by examining the dynamic gene-expression profiles of whole

peripheral blood from both severe and moderate hospitalised COVID-19 patients.

Our study found a dysregulated inflammatory response behind severe pneumonia in
SARS-CoV-2 infection. Consistent with findings in existing literature, we found that patients
with ARDS at baseline showed an upregulation of genes related to IL-6 and JAK-STAT3
signalling and neutrophil activation (205,208,209), a downregulation of T-cell activation, and
a subsequent loss of CD4+ T cells (208,210). Additionally, we identified an increase in gene
expression related to reactive oxygen species metabolism in ARDS patients at baseline, a
finding previously reported in later stages of COVID-19 (208). This discrepancy likely stems
from delayed hospital admission in our cohort, with many patients presenting to the
emergency department already in established ARDS. Our findings concur with other
transcriptomic studies that have encountered an upregulation of genes related to protein
polyubiquitination (209) and metalloproteinases (296) in later stages of COVID-19 induced
ARDS. In contrast, non-ARDS COVID-19 patients exhibited increased expression of
Wnt/B-catenin signalling and Myc V2 targets, a sub-group of genes regulated by Myc.
Wnt/B-catenin pathway components modulate T-cell priming and infiltration (297) and
negatively regulate NF-xB (298), thereby promoting viral tolerance and mitigating
inflammation. Myc, known for its role in cancer, also directly contribute to immune

suppression by inhibiting macrophage activation (299) and endothelial inflammation (300).

Furthermore, our results underscore the significance of long non-coding RNAs and
microRNAs as emerging regulators in SARS-CoV-2 infection. Patients with ARDS at
baseline presented higher levels of CLRN1-AS1, a IncRNA that deactivates the Wnt/[3-
catenin signalling pathway (301), and IRAIN, which enhances the formation of an
intrachromosomal promoter loop of IGFIR (302). Increased serum levels of IGFIR
correlate with COVID-19 mortality (303). On the other hand, the expression of the IncRNAs
A2M-AS1, LEF-AS1, and RORA-AS-1 was significantly decreased in patients with ARDS.
A2M-AST1 likely exerts anti-proliferation and pro-apoptosis effect [37], while LEF1-AS1 and
RORA-AS-1 have been found to be involved in T cell differentiation in COVID-19 patients
(304).

Our study has several limitations that should be acknowledged. Primarily, the
majority of patients were from the first COVID-19 wave, dominated by lineage A.

Subsequent SARS-CoV-2 variants and subvariants may elicit different host responses.
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Secondly, the sample size was relatively small, with only 60 patients, of whom 19 developed
ARDS. However, the strength of our study lies in daily follow-up assessments of patients,
ensuring accurate respiratory status evaluation. Furthermore, the validation of our results is
bolstered by the concordance of cell composition in the studied samples with previous

studies conducted using single-cell RNA sequencing (305,300).

As previously mentioned, considerable gaps in our understanding or the pathogenesis
of SARS-CoV-2 infection exist. Specifically, the intricate development of the humoral
immune response was initially poorly understood, particularly, no data on the specific role
of mucosal immunity was available. Moreover, it remained uncertain whether this immune
response could be shaped by prior exposure to related viruses, a phenomenon well
documented with influenza and other viruses. Therefore, our study aimed to delineate the
dynamic antibody responses involved in the generation of de novo antibodies against
SARS-CoV-2 in both peripheral blood and respiratory mucosa. Additionally, we sought
to assess the influence of pre-existing immunity against select endemic coronaviruses,

thereby exploring the concept of immunological imprinting.

Our findings present a dynamic characterization of the antibody response to SARS-
CoV-2 and provide the first evidence of immune imprinting in this infection. Our cohort
allowed for quantification and detailed representation of the longitudinal outcome of the
immune response by taking into consideration past exposure to related antigens.
Furthermore, in vitro neutralisation activity of antibodies might be used as a proxy for
protection against SARS-CoV-2 infection (307,308). We observed back-boosting against the
conserved epitopes of the spike protein of OC43 and HKU1 betacoronaviruses. No
induction was detected for the variable regions of these viruses, such as the S1 domain, or to
more divergent seasonal alphacoronaviruses, such as 229E. IgG responses to the spike and
RBD of SARS-CoV-2 showed persistence over the time period of our study with slight
changes in antibody levels in convalescent sera as compared to the peak of antibody
induction at day 7. Importantly, immunity to other betacoronavirus spikes, like HKU1 and
OC43, limited the induction of de novo responses to all tested SARS-CoV-2 antigens. All
patients also developed detectable levels of spike IgG/IgM and N IgG. Although no
significant correlation was found between pre-exposure to seasonal coronaviruses and the
induction of protective antibodies with neutralizing activity, our data suggested a negative
relationship. Baseline antibody levels to HKU1 or OC43 spike after SARS-CoV-2 IgG levels

normalised limited the induction of neutralizing antibody levels during follow-up.
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While statistically significant differences in antibody levels between patients with
mild vs. severe disease were not found, severe cases exhibited a delay in antibody responses.
Additionally, anti-SARS-CoV-2 antibodies inversely correlated with viral loads in respiratory
samples, suggesting a potential role in viral clearance. We could not find a link between virus
clearance and back-boosting of antibodies toward the S2 subunit of the seasonal human
coronaviruses. Although, it has to be noted that cross-reactivity between pre-existing
memory T cells to seasonal coronaviruses and SARS-CoV-22 has been described, (35,309)
pointing to a potential role of heterologous immunity as an additional mechanism of
protection. However, our results allow for a contrasting hypothesis in which early priming
of the memory B cell compartment due to pre-exposure to seasonal coronaviruses could
dampen secondary responses toward new epitopes of SARS-CoV-2. Nonetheless, all our
patients developed antibody responses against SARS-CoV-2 antigens and specific

neutralizing antibodies.

We found a strong induction of IgA antibodies against SARS-CoV-2 S protein in the
upper respiratory tract, accompanied by robust mucosal sIgA production. Recent
publications have similarly highlighted the emergence of specific mucosal IgA responses
during SARS-CoV-2 mRNA intramuscular vaccination (310), albeit the duration of this
response remains uncertain. Boosting mucosal antibody response to potentially mitigate viral
transmission and bolster protection is of great interest. Additionally, we detected IgG, sIgA,
and IgA antibodies against HCoV-OC43 § protein in the local upper respiratory mucosa,
whereas no IgM responses were observed. Moreover, antibody responses against HCoV-
OC43 S peaked earlier than SARS-CoV-2 S antibody titers in the local mucosa suggesting
some maturity in the cross-reactive immune responses against conserved epitopes of beta-
HCoVs in the upper respiratory tract. This observation underscores the phenomenon of

immune imprinting within the mucosal compartment during COVID-19.

Our findings have significant implications for the development of COVID-19
vaccines. The potential interactions with pre-existing immunity should be carefully
considered to optimize vaccine efficacy. Current COVID-19 vaccines aim to induce
responses against the full-length S protein of SARS-CoV-2, which contains cross-reactive
non-neutralizing epitopes shared with seasonal human betacoronaviruses. Back-boost of
cross-reactive antibody responses might lead to less protective antibodies directed against
non-neutralizing conserved epitopes between the S antigen of the vaccine and the S proteins
of seasonal human betacoronaviruses. Therefore, cross-reactive antibody responses may

affect the protective efficacy of these vaccines. However, whether in vitro non-neutralizing
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anti-SARS-CoV-2 antibodies contribute to protection or disease or are neutral is still not
clear. Additionally, our findings support the idea that upon SARS-CoV-2 infection, the
immune imprinting in the mucosal compartment will activate memory B cells generated from
prior infections with antigenically related HCoVs, perhaps competing with the activation of

naive B cells specific for SARS-CoV-2 novel epitopes.

Despite the valuable insights provided by our study, there are limitations that should
be acknowledged. The relatively small number of enrolled subjects and the requirement for
hospitalisation may limit the generalizability of our findings. Additionally, the study did not
include asymptomatic or mild cases of COVID-19, thus precluding characterization of pre-

existing immunity in these populations.

Nevertheless, our results underscore the influence of immune imprinting due to
previous exposure to seasonal human betacoronavirus on the antibody response to SARS-
CoV-2 infection, which may have implications for vaccine development and efficacy. The
importance of our findings are further highlighted by the fact that it has now be
demonstrated that immune imprinting impairs neutralizing antibody titers for bivalent

mRNA vaccination against SARS-CoV-2 Omicron subvariants (311).

Several metabolomic studies on COVID-19 have been conducted, primarily focused
on establishing a discriminative COVID-19 metabolomic profile for effective identification
and differentiation of COVID-19 clinical statuses. The majority of these studies utilized mass
spectrometry techniques with a minority aiming to describe a prognostic metabolomic
signature, despite the critical importance of eatly identification of hospitalised COVID-19
patients at risk of developing severe disease. This early identification is vital for optimizing
resource allocation and initiating treatment promptly. In our last study, we aimed to
delineate the metabolomic profile of moderate and severe hospitalised adult COVID-
19 patients. Our objective was to establish a metabolomics predictive signature that
could assess the risk of disease progression. Unlike many studies that employ
heterogeneous definitions of COVID-19 severity, potentially leading to misclassification
amid healthcare resource strain during surges, we defined severity according to the WHO
Clinical Progression Scale categories. Furthermore, in contrast to several prior predictive
metabolomics models, which often compare patients who have already reached severe
disease with mild to moderate COVID-19 patients (225,226,231,235), our approach involved

comparing patients with equivalent clinical status at baseline status.
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We found profound changes in lipoprotein distribution in severe COVID-19,
showing an increased atherogenic risk with increased severity, small VLDL particles were
increased while small HDL particles were diminished. Small HDL particles, the HDL
subspecies most decreased in our study as well as another study (312), is also the HDL
subspecies most strongly associated with cholesterol efflux capacity function (313). Severe
disease status (WHO Clinical Progression Scale categories 6 to 9) was associated with an
intense lipoprotein dysregulation towards increased triglycerides, free cholesterol and
anomalous lipoprotein distribution with elevated intermediate-density lipoprotein-
cholesterol (IDL-C), LDIL-cholesterol and VLDL subclasses while HDI-cholesterol was

decreased.

Our results are in line with previous studies who found a correlation between
COVID-19 severity with high triglyceride concentrations, no-HDL-cholesterol and low
plasma HDL-cholesterol (114,115), an increased mean size of VLDL particles (238) and
higher levels of free cholesterol (115). We also found, unsurprisingly, an elevated glyc-A and
glyc-B signal in more severe patients. Glyc-A and glyc-B represent different glycosylated
amino sugar residues on acute phase reactants (314), with «-1-acid glycoprotein having the
strongest correlation with Glyc-A (315). Previous studies have related glyc-A with chronic
inflammation (316), metabolic syndrome(317), increased severity (318,319) and higher levels
of C-reactive protein and IL-6 in COVID-19 (319). Furthermore, severe COVID-19 patients
had elevated levels of branched-chained amino acids (BCAAs: leucine, isoleucine and valine)
compared to moderate COVID-19 patients, results which are concordant with prior studies
(230,237,320,321). BCAAs are essential amino acids which act as substrates and regulator of
protein and glycogen metabolism (322,323), and modulate glucose metabolism. Elevated
circulating levels of BCAAs are associated with catabolic states (324), and, through mTOR
activation, linked to reactive oxygen species production and mitochondrial dysfunction (325)
in addition to promoting endothelial dysfunction (326). In addition, concordant with prior
studies, we found elevated glucose (115) and accumulation of ketone bodies in severe

COVID-19 patients (230,327), reflecting dysregulation of hepatic carbon metabolism (238).

When comparing moderate COVID-19 patients who did not progress with those
who did, several of the alterations in serum metabolites associated with severe disease status
lost their significance. Most notably, no differences in free cholesterol, phospholipids, IDL,
VLDL, HDL were found, suggesting that most of the intense lipoprotein dysregulation

occurs in later disease stages. Higher levels of small LDL particles with a decrease in medium
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HDL particles, not present in the metabolomic comparison of moderate versus severe
patients, was found to be predictive. A reduction of HDL has been previously associated
with worse outcomes (114,239) and a predominance of small LDL particles compared to
larger LDL particles has been identified in COVID-19 patients (312). Increased levels of
isoleucine, saturated fatty acids, and glyc-B, both associated with severe disease status, were
also found to be predictive for progression to severity. Furthermore, our results showed
increased risk for progression in patients with increased alanine and glutamine levels. These
particular findings are surprising as glutamine is essential for lymphocyte proliferation,
cytokine production and macrophage activation, with increased demand in
catabolic/hypercatabolic  citcumstances (328). In addition, ptior studies comparing
uninfected controls versus COVID-19 patients found both decreased levels of alanine
(320,329) and glutamine (238,318,330) in COVID-19 patients and severe COVID-19 (230).
These diverging results may stem from differences in the compared cohorts. SARS-CoV-2
infection correlates with reduced glutamine levels compared to uninfected individuals.
However, we compared moderate COVID-19 patients without progression with those who
did progress at later stages. With these results, and incorporating metabolite ratios, we were
able to construct a multivariate model for progression towards severity upon admission for
hospitalised COVID-19 patients with moderate disease status and similar oxygen saturation.
Our predictive model showed a cross-validated AUC of 0.82 and a predictive accuracy of

72%.

This study has some limitations that should be acknowledged. Firstly, due to the
nascent stage of vaccination within the general population in Spain at the study period, only
unvaccinated patients without prior known COVID-19 were included. Secondly, the study
period coincided with the predominance of the Alpha (B.1.1.7) variant of SARS-CoV-2.
Subsequent variants and subvariants might have elicited different host responses. Lastly, the
sample size was moderately small, 148 patients of whom 19 progressed following baseline
sampling. However, the patients included in our study were followed up daily, which allowed

an accurate assessment of their clinical disease trajectory.

97



98

6. Conclusions



99



Conclusions

1. The whole blood transcriptomic profiles of community-acquired pneumonia survivors and
non-survivors presented differences, mainly related to interferon-alpha response, apoptosis,
sex hormones, oxidative stress, unfolded protein response, and angiogenesis pathways. The

differentially expressed genes could potentially be useful as risk-stratification biomarkers.

2. Host factors appear to be more important than pathogen-related factors for developing
these acute cardiac events in pneumococcal community-acquired pneumonia. Clonal
complex 230 appears to be associated with a higher incidence of acute cardiac events that
could have relevant clinical implications as some serotypes associated with CC230, such as

24F, are not included in the current available vaccines.

3. Acute respiratory distress syndrome in COVID-19 is caused by a dysregulated
inflammatory response an increased expression of genes related to pro-inflaimmatory
molecules and neutrophil and macrophage activation at admission, in addition to the loss of
immune regulation. This leads to a higher expression of genes related to reactive oxygen

species, protein polyubiquitination, and metalloproteinases at latter stages.

4. Immunological imprinting by previous seasonal coronavirus infections modulates the
antibody profile to SARS-CoV-2 infection. This antibody memory boost to human
coronaviruses negatively correlates with the induction of IgG and IgM against SARS-CoV-2
spike and nucleocapsid protein. This finding has significant implications on the development
of COVID-19 vaccines, as the potential interactions with pre-existing immunity should be

taken into consideration in the path to optimal vaccines.

5. COVID-19 patients mount a robust mucosal antibody response against SARS-CoV-2
spike protein with specific secretory immunoglobulin A (sIgA), IgA, IgG, and IgM antibody
subtypes. An immune memory recall to conserved epitopes of beta-coronaviruses is present

in the upper respiratory tract during SARS-CoV-2 infection.

0. Severe COVID-19 is associated with a distinct metabolomic signature associated with an
increased atherogenic risk and a pro-inflammatory catabolic state with dysregulated carbon
metabolism. Patients presenting with moderate disease but at a high risk of deterioration
exhibit a characteristic metabolomic signature, which can be determined using NMR-based

platforms to predict disease progression.
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