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RESUM DE LA TESI DOCTORAL (Catala)

Titol: Caracteritzacid clinica i immunologica de la infeccié per SARS-CoV-2 en la poblacid

trasplantada d’organ solid.

Introduccié: La malaltia per coronavirus 2019 (COVID-19) continua representant una de
les causes més freqiients de mort precog evitable entre els individus trasplantats d'organ
solid (TOS). L'estudi detallat de la seva clinica i inmunobiologia és essencial per millorar
el nostre coneixement sobre la interaccid virus-hoste en el context de la
immunosupressié cronica. Aixi mateix, la caracteritzacido detallada de la qualitat,
quantitat i durada de la resposta immunologica que genera la COVID-19 és
imprescindible per ala presa de decisions en quant a les mesures preventives aplicables

en aquesta poblacid a risc.

Hipotesi: La hipotesi d’aquesta tesi és que l'estudi de les caracteristiques cliniques i
demografiques de la COVID-19, aixi com I'avaluacié de les respostes immunologiques
adaptatives SARS-CoV-2-especifiques durant la infeccid aguda i la convalescéncia dels
pacients trasplantats d’organ solid en comparacié a les presentades pels pacients
immunocompetents, podria aportar evidéncia sobre els principals factors pronostic i
determinar el grau d’'immunitat virus especifica que assoleix aquest grup de poblacié a

risc.

Objectius:

- Analitzar els principals factors de risc associats al desenvolupament de la sindrome de
dificultat respiratoria aguda (SDRA) i mortalitat en una cohort multicentrica de
trasplantats renals hospitalitzats per COVID-19 durant la primera onada de la pandémia.
- Determinar la cinética i la magnitud de la resposta immunologica adaptativa a diferents
compartiments, cel-lular Ti serologic, front el SARS-CoV-2 en pacients TOS hospitalitzats
per COVID19, tot comparant-les amb les exhibides per un grup control de pacients
immunocompetents.

- Investigar la persisténcia de la resposta adaptativa sis mesos després de la infeccié

mitjancant l'avaluacié dels compartiments immunologics de memoria, serologic i



Document signat digitalment per: ALEXANDRE FAVA BUCH

cel-lular (T i B) dels pacients TOS, utilitzant una cohort comparativa d'individus
convalescents no immunodeprimits.

- Caracteritzar la magnitud i persistencia de la immunitat adaptativa SARS-CoV-2
especifica generada per les diferents formes cliniques de la COVID-19, des de els casos

severs fins als asimptomatics, en pacients convalescents TOS i immunocompetents.

Metodes: Els tres estudis que constitueixen aquesta tesi es centraren en els pacients
afectes per COVID-19 infectats durant la primera onada de 2020. Conseqlientment,
inclouen pacients TOS i IC immunologicament naive, no exposats préviament al SARS-
CoV-2. El primer article d'aquesta tesi consta d’una analisi observacional i retrospectiva
d'individus trasplantats renals consecutivament hospitalitzats per COVID-19 durant la
primera onada de la pandemia en diferents centres trasplantadors, en el que a través
de models de regressid logistica examinarem els multiples factors de risc clinics,
demografics i immunologics predictius del desenvolupament de la SDRA i mortalitat
consequiencia de la COVID-19. En el segon estudi vam realitzar una analisi prospectiva
del desenvolupament de la immunitat adaptativa a nivell de la resposta cel-lular de
memoria T i serologica durant la infeccidé aguda per SARS-CoV-2; mentre que al tercer
avaluarem la immunitat adaptativa de memoria a llarg termini en una cohort
transversal, sis mesos posteriors a la infeccid. Els resultats obtinguts en la poblacid
trasplantada foren comparats amb els d’una cohort control d’individus
immunocompetents; a més a més, en el tercer estudi vam classificar els pacients segons
la gravetat de la infeccié. L'avaluacié de les respostes serologiques es va realitzar a
través de diferents assaigs d'immunoabsorcié lligats a enzims. Les respostes cel-lulars T
de memoria/efectora productores de citocines (IFN-y, IL-2, IFN-y/IL-2, IL-21, IL-5, IL-6)
contra les principals proteines estructurals del SARS-CoV-2 es van analitzar mitjancant
FluoroSpot multicolor, mentre que I'Us de la tecnica d”'ELISpot colorimétric per a
cél-lules B ens va permetre identificar les freqiéncies de cel-lules B de memoria

productores de IgG especifiques, després del cultius in vitro de les PBMC.

Resultats principals: La mortalitat va ascendir fins gairebé un ter¢ de la cohort estudiada
en el primer treball. La SDRA fou la principal causa de mort per COVID-19, i el seu

desenvolupament es va presentar a tots els grups d'edat, especialment entre els
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pacients obesos. No obstant aix0, les taxes de mortalitat més importants convergiren en
els anciansiaquells amb uns nivells més elevats de LDH a l'ingrés. Des d'un punt de vista
immunologic, els pacients TOS trasplantats d'organs solid van mostrar un retras
significatiu en el desenvolupament de respostes adaptatives cel-lulars especifiques
detectables, sobretot en aquells amb pitjor pronostic al final del seguiment. A més, vam
objectivar que la COVID-19 moderada es caracteritza per un deteriorament funcional de
la immunitat T de forma generalitzada, possiblement com a conseqiiéncia d’un estat
proinflamatori global, independentment de I'estat d'immunosupressid, donat que els
pacients immunocompetents infectats també exhibiren aquest perfil d’anérgia
immunologica.

No obstant, hem observat que els individus TOS sén capacos de desenvolupar una
memoria immunologica especifica robusta durant la convalescéncia, detectable més
enlla dels sis mesos posteriors a la infeccid i d'una magnitud comparable a les
presentades pels seus homolegs immunocompetents. De forma rellevant, aquesta
magnitud sembla estar fortament influenciada per la severitat clinica de la infeccio
original, podent veure’s més compromesa entre aquells pacients recentment

trasplantats.

Conclusions: Més enlla de la immunosupressio cronica, diverses variables cliniques com
la obesitat, la pneumopatia cronica o I'edat sén determinants per al desenvolupament
de formes greus de la COVID-19. A més a més, els pacients TOS presenten un retras
significatiu en el desenvolupament de la resposta antiviral adaptativa en les fases més
inicials de la infeccid, la qual cosa podria influir en les diferents trajectories cliniques que
presenten en relacié a la poblacid6 immunocompetent. Tot i aix0, durant la
convalescéncia, aquests pacients sén capacos de desenvolupar una memoria
immunologica robusta i persistent, similar a |'exhibida per la poblacid general,
especialment aquells pacients convalescents d’infeccions moderades/severes. Aquesta
observacid podria contribuir a optimitzar |'estratificacid del risc i les estrategies de

vacunacio en aquesta poblacié.
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RESUMEN DE LA TESIS DOCTORAL (Castellano)

Titulo: Caracterizacidn clinica e inmunolégica de la infeccidon por SARS-CoV-2 en la

poblacién trasplantada de drgano sdlido.

Introduccion: La enfermedad por coronavirus 2019 (COVID-19) sigue siendo una de las
causas prevenibles de muerte temprana mas comunes entre los individuos
trasplantados de drgano sélido (TOS). El estudio detallado de su clinica e inmunobiologia
es esencial para mejorar nuestro conocimiento acerca de la interaccién virus-huésped
en el contexto de la inmunosupresidon crénica. Asi mismo, la caracterizacién detallada
de la calidad, magnitud y duracion de la respuesta inmune generada por la COVID-19 es
imprescindible para la toma de decisiones en cuanto a las medidas preventivas

aplicables en esta poblacién a riesgo.

Hipotesis: La hipotesis de esta tesis es que el estudio de las caracteristicas clinicas y
demograficas de la COVID-19, asi como la evaluacidn de las respuestas inmunolégicas
adaptativas SARS-CoV-2-especificas durante la infeccion aguda y la convalecencia de los
pacientes trasplantados de drgano sélido en comparacidn a las presentadas por
pacientes inmunocompetentes, podria generar evidencia entorno a los principales
factores prondstico y determinar el grado de inmunidad virus especifica generada por

este grupo de poblacidn a riesgo.

Objetivos:

- Analizar los principales factores de riesgo asociados al desarrollo del sindrome de
dificultad respiratoria aguda (SDRA) y mortalidad en una cohorte multicéntrica de
trasplantados renales hospitalizados por COVID-19 durante la primera ola de la
pandemia.

- Determinar la cinética y la magnitud de la respuesta inmune adaptativa en distintos
compartimentos, celular T y serolégico, frente al SARS-CoV-2 en pacientes TOS
hospitalizados por COVID-19, en comparacién a las exhibidas por un grupo control de
pacientes inmunocompetentes.

- Investigar la persistencia de la respuesta adaptativa seis meses después de la infeccidon

mediante la evaluacion de los compartimentos inmunoldgicos de memoria, serolégicoy

9
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celular (T y B) de los pacientes TOS, utilizando una cohorte comparativa de individuos
convalecientes no inmunodeprimidos.

- Caracterizar la magnitud y persistencia de la inmunidad adaptativa SARS-CoV-2
especifica generada por las distintas formas clinicas de la COVID-19, desde los casos

severos a los asintomaticos, en pacientes convalecientes TOS e inmunocompetentes.

Métodos: Los tres estudios que componen esta tesis se centraron en los pacientes
afectos por COVID-19 infectados durante la primera ola de 2020. En consecuencia,
incluyen pacientes TOS e IC inmunolégicamente naive, no expuestos previamente al
SARS-CoV-2. El primer articulo de esta tesis consta de un analisis observacional y
retrospectivo de individuos trasplantados renales consecutivamente hospitalizados por
COVID-19 durante la primera ola de la pandemia en distintos centros trasplantadores,
en el que a través de modelos de regresion logistica examinamos multiples factores de
riesgo clinicos, demograficos e inmunoldgicos predictivos para el desarrollo del SDRA y
mortalidad. En el segundo estudio realizamos un analisis prospectivo del desarrollo de
la inmunidad adaptativa a nivel de la respuesta celular de memoria T y seroldgica
durante la infeccidn aguda por SARS-CoV-2; mientras que en el tercero evaluamos la
inmunidad adaptativa de memoria a largo plazo en una cohorte transversal, seis meses
después de la infeccién. Los resultados obtenidos en poblacién trasplantada fueron
contrastados con una cohorte comparable de individuos inmunocompetentes; ademas,
en el tercer estudio los sujetos fueron clasificados segln la gravedad de la infeccidn. Las
respuestas serolégicas se caracterizaron a través de distintos ensayos de
inmunoabsorcidn ligado a enzimas. Las respuestas celulares T de memoria/efectora
productoras de citoquinas (IFN-y, IL-2, IFN-y/IL-2, IL-21, IL-5, IL-6) contra las principales
proteinas estructurales del SARS-CoV-2 se evaluaron mediante FluoroSpot multicolor,
mientras que el empleo del ELISpot colorimétrico para células B nos permitié identificar
las células B de memoria productoras de IgG especificas, tras cultivos in vitro de las

PBMC.

Resultados principales: La tasa de mortalidad alcanzd practicamente un tercio de la
cohorte estudiada en el primer trabajo. EI SDRA fue la principal causa de muerte por

COVID-19, y su desarrollo se presentd en todos los grupos de edad, especialmente entre
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los pacientes obesos. Sin embargo, las mayores tasas de mortalidad convergieron en los
ancianos y en aquellos con niveles mas elevados de LDH al ingreso. Desde un punto de
vista inmunoldgico, los pacientes trasplantados de 6rgano sélido mostraron un retraso
significativo en el desarrollo de respuestas adaptativas celulares y seroldgicas
especificas detectables, en particular aquellos con peor pronéstico al final del
seguimiento. Ademas, objetivamos que la COVID-19 moderada se caracteriza por un
deterioro funcional de la inmunidad T de forma generalizada, posiblemente a
consecuencia de un estado proinflamatorio global, independientemente del estado de
inmunosupresion, puesto que los pacientes infectados inmunocompetentes
presentaron también dicho perfil de anergia inmunoldgica.

Sin embargo, hemos observado que los pacientes TOS son capaces de desarrollar una
memoria inmunoldgica especifica robusta durante la convalecencia, detectable mas alla
de los seis meses posteriores a la infeccidn y de una magnitud comparable a las
presentadas por sus homédlogos inmunocompetentes. Esimportante destacar que dicha
magnitud parece estar fuertemente influenciada por la severidad clinica de la infeccién,

pudiéndose ver comprometida en aquellos pacientes recientemente trasplantados.

Conclusiones: Mas alla de la inmunosupresion crdnica, distintas variables clinicas como
la obesidad, la neumopatia crénica o la edad son determinantes para el desarrollo de
formas severas de COVID-19. Ademas, los pacientes TOS presentan un retraso
significativo en el desarrollo de la respuesta antiviral adaptativa en las fases mas iniciales
de la infeccidn, lo cual podria influir en las distintas trayectorias clinicas que presentan
en relacién a la poblacidn inmunocompetente. Sin embargo, durante la convalecencia,
estos pacientes son capaces de desarrollar una memoria inmunolégica robusta vy
persistente, similar a la exhibida por la poblacién general, especialmente aquellos
pacientes convalecientes de infecciones moderadas/severas. Esta observacion podria
contribuir a optimizar la estratificacién del riesgo y las estrategias de vacunacion en esta

poblacién.
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DOCTORAL THESIS SUMMARY (English)

Title: Clinical and immune characterization of SARS-CoV-2 infection in Solid Organ

Transplantation.

Introduction: Coronavirus disease 2019 (COVID-19) became, and remains, one of the
most common preventable causes of early death among solid organ transplant (SOT)
patients. Exhaustive clinical and immune-biological evaluations are needed to improve
our understanding of the virus-host interaction under the effects of chronic
immunosuppression. More specifically, the quality, quantity and duration of infection-
derived immune responses are key features that need to be thoroughly characterized to
eventually guide preventive decision-making strategies in this high-risk patient

population.

Hypothesis: The hypothesis of this thesis is that by investigating main clinical and
demographic features of COVID-19 as well as by accurately assessing SARS-CoV-2-
specific adaptive immunity, both during infection and convalescence in SOT patients as
compared to immunocompetent (IC) patients, we would gain relevant insights on major
determinants driving distinct clinical outcomes as well as on the degree of anti-viral

immune protection achieved in this highly vulnerable group of patients.

Objectives:

-To analyze main clinical, demographic, and immunological risk factors associated with
the development of adult respiratory distress syndrome (ARDS) and death in a large
multicentric cohort of kidney transplant recipients hospitalized due to COVID-19 during
the first wave of the pandemic.

-To characterize the kinetics and magnitude of SARS-CoV-2 specific adaptive immune
responses at the T-cell and serological immune compartments, among SOT patients
hospitalized due to COVID-19 and compare them to those exhibited by a matched group
of IC patients.

- To investigate the relative persistence of peripheral adaptive immune memory specific

to SARS-CoV-2 up to six months after COVID-19 by evaluating both serological and T and
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B-cell memory/effector immune compartments in SOT recipients, compared to a
matched cohort of IC convalescents patients.

- To comprehensively characterize the strength and durability of SARS-CoV-2-specific
adaptive immunity across distinct clinical presentations of COVID-19, from severe to

asymptomatic infections, in convalescent SOT and IC patients.

Methods: All 3 studies comprising this doctoral thesis focused on COVID-19 patients
infected during the first pandemic wave in 2020 thus, among naive SOT and IC
individuals without any previous symptomatic exposure to SARS-CoV-2. The first article
of this thesis is a multicenter, observational, retrospective cohort study of consecutive
incident kidney transplant patients admitted with COVID-19, in which adjusted logistic
regression models were performed to examine main risk factors predicting the
development of ARDS and mortality. In the second study, we prospectively tracked the
kinetics of de novo adaptive immune responses at the T-cell and serological level, during
acute COVID-19 as compared to IC convalescent COVID-19 patients. Finally, in the third
study of this thesis, we conducted a cross-sectional immune-monitoring analysis six
months after COVID-19 in a group of SOT as well as IC convalescent individuals with
distinct COVID-19 severity. Serological responses were assessed by distinct enzyme-
linked immunosorbent assays. Multiple cytokine-producing T-cell responses (IFN-y, IL-2,
IFN-y/IL-2, IL-21, IL-5, IL-6) against main structural SARS-CoV-2 proteins were evaluated
using a multicolor FluoroSpot assay, whereas circulating viral-specific 1gG-producing
memory B cells were investigated using a colorimetric B-cell ELISpot assay, after in vitro

B-cell cultures.

Main results: The mortality rate almost reached one-third of the kidney transplant
cohort included in the first study. ARDS was the leading cause of COVID-19 deaths, and
although its development occurred across all ages, obese transplant patients were the
most affected. However, mortality converged in the elderly as well as those with higher
levels of LDH at admission. Notably, SOT exhibited a significant delay in developing
detectable adaptive immune responses specific against main immunogenic viral
antigens, especially those with the poorest outcomes. In addition, we observed that

moderate/severe COVID-19 is characterized by a non-specific global T-cell impairment,
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which seemed to be independent of the immunosuppression state as though infected
IC patients did also display such an immune anergic pattern.

Nonetheless, SOT recipients are capable of mounting robust SARS-CoV-2-specific
immune memory over time during convalescence, which can be maintained beyond six
months after infection and is comparable in magnitude to those responses presented
by IC subjects. However, infection-derived immunity seems to be highly dependent on
the clinical severity of COVID-19 and might be challenged in those more recently

transplanted.

Conclusions: On top of chronic immunosuppression, other relevant clinical variables
such as obesity, pulmonary baseline diseases and age are key factors favoring poor
patient outcomes after COVID-19. Moreover, SOT seem to display a significant delay of
ant-viral adaptive immune responses at the infection onset, which may also influence
distinct clinical trajectories as compared to infected IC patients. At convalescence,
however, SOT patients do develop robust and durable immune memory/effector
responses, comparable to IC convalescent individuals, and especially those having
experienced more severe forms of COVID-19. These observations could help improve
current immune-risk stratification and guide vaccination policies in this vulnerable

patient population.
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NOTE TO THE READER

The unprecedented and overwhelming evolution of the pandemic spread, the progress
made in the understanding of the pathophysiology of this infection and how the
scientific community has developed in a time-record successful new protective
therapies, especially with the development of active immunization with effective

vaccines, have made this pandemic unique in the history of infections ever.

Before going forward and read this thesis work, it is important to bear in mind that all
the studies contained herein, were initiated during the first wave of the pandemic, when
all hospitals and the entire world was knocked-down with the devastating effects of this
infection leading to fatal outcomes.

These three works of this thesis were indeed conducted during the early phases of the
infection onset with the main aim to try to better understand why a specific group of
more vulnerable patients such as SOT seemed to be particularly exposed to the worst
outcomes after infection, and how their immune protective responses behaved as
compared to infected IC individuals. We would like to acknowledge the huge efforts put
from multiple and diverse professionals that were directly impacted and touched by the

pandemic and who made these studies possible.

These results helped us to better understand a number of important features, which
may now seem somewhat evident, after this, albeit short, overwhelmingly fast period in
which most of this patient population has been actively and effectively immunized with
new vaccines.

Nonetheless, we believe this thesis retains its relevance in the current clinical scenario
given the substantial proportion of SOT remaining poor or non-responder to the distinct
vaccines, this most likely accounting for the higher odds of severe infection rates as
compared to the general population. Furthermore, as the SOT population increasingly
includes vaccinated individuals with prior or breakthrough infection history, it is
necessary to delineate the precise effects of these recurrent antigenic challenges
beyond the ongoing vaccination protocols. In fact, our studies put forward the different
immunological behavior against SARS-CoV-2 of SOT as compared to IC, which seem to

hold true for the immune responses achieved after active immunization.
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Despite the significant improvements in SOT outcomes during this pandemic, further
research is required to improve our understanding of viral-host interactions and gain
insights into immunological protection among this group of vulnerable patient

population.
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I. INTRODUCTION

A. The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) and
coronavirus disease 2019 (COVID-19)

1. Emergence and genomic identification of the new coronavirus

Coronaviridae is a family of enveloped, single-stranded positive-sense RNA viruses that
cause respiratory and intestinal infections in animals and humans®. Since their first
isolation in 19652, six human coronaviruses had been reported. Four of them (0C43,
229E, NL63, and HKU1) cause mild seasonal colds; however, the outbreak of severe
acute respiratory syndrome coronavirus (SARS-CoV) in 2002 and the middle east
respiratory syndrome (MERS) in 2012 raised significant alarm among the global health
authorities due to their high fatality rates (9.6% and 34.3%, respectively)3*. After the
2002 outbreak, many coronaviruses phylogenetically related to SARS-CoV (SARSr-CoVs)
were found in bats from different countries, indicating their potential role as natural
reservoirs®. Considering the great diversity and RNA recombination of SARSr-CoVs,

spillovers to humans were expected to occur?.

In late December 2019, a cluster of patients with severe pneumonia of unknown cause
was reported in China®. Fifty-five percent of those infected before January 2020 were
epidemiologically linked to the Huanan Seafood Wholesale Market, in Wuhan’. The
pathogen of this pneumonia was a new coronavirus, firstly coined 2019 novel
coronavirus (2019-nCov), sharing 96.2% of nucleotide sequence identity with RaTG13,
a previously described bat-borne SARSr-CoV®. These facts suggest that the novel
coronavirus emergence might have occurred through live wildlife trade, being the
Huanan Market the most likely epicenter of the outbreak. Genetic analyses revealed
that 2019-nCoV pertained to the genus Betacoronavirus, similarly to SARS and MERS.
On February 11™, the International Committee on Taxonomy of Viruses named the novel
coronavirus “Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)"°, while
the WHO designated the associated disease as “coronavirus disease 2019 (COVID-19)”".
Given the large number of countries reporting human-to-human transmission, the WHO

officially defined the COVID-19 outbreak as a pandemic on March 11t 2020%°.
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2. SARS-CoV-2 infection: From basic virology to clinical and epidemiological features
e Viral structure, attachment, and entry

SARS-CoV-2 is a single-stranded positive-sense RNA virus with a genome of 29.903
nucleotides!?, exhibiting 79% sequence homology with SARS and 50% with MERS. The
viral genome includes 11 open reading frames (ORFs) encoding for 27 proteins'? (Figure
1). Two-thirds of the SARS-CoV-2 orfeome account for 16 non-structural proteins (NSP)
essential for viral replication. The remaining sequence is devoted to structural and
accessory proteins involved in its infectivity. The structural proteins are the Spike
glycoprotein (S), Membrane protein (M), Nucleocapsid (N) and Envelope (E), while the
accessory proteins are the orf3a, orf6, orf7a, orf7b, orf8 and orf10. Notably, most of the
structural divergence of SARS-CoV-2 to SARS-CoV relies on the Spike protein®, which
might explain its greater transmission.

The first step in SARS-CoV-2 infection involves the spike (S) interaction with the
angiotensin-converting enzyme 2 (ACE2). The S protein has a trimeric composition, with
distinct subunits S1 and S2. While the S1 subunit contains the receptor binding domain
(RBD) that allows its attachment to ACE2, the S2 cleavage by host serine protease
TMPRSS2 leads to the structural changes required for membrane fusion and virus
entry'3. TMPRSS2 and ACE2 are co-expressed along the respiratory tract, accounting for

SARS-CoV-2 tropism*4,

Figure 1. SARS-CoV-2 structure (Jamison DA et al. 2022)?
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e (linical and pathological features of COVID-19

SARS-CoV-2 is transmitted through respiratory droplets and aerosols, firstly invading the
ACE2+TMPRSS2+ ciliated cells of the nasal cavity epithelium®®>, where significant viral
replication occurs from 4 to 5 days before the symptoms onset!®. In most cases, prompt
immune responses clear the infection within ten days, causing cough and fever as the

most common symptoms?'’.

In some other individuals, SARS-CoV-2 disseminates into the lung, causing direct alveolar
damage and inflammation through type Il pneumocyte infection'®. Clinically, most
severe infections meet the criteria for acute respiratory distress syndrome (ARDS),
defined by respiratory failure and bilateral radiographic opacities. Histological
examination of COVID-19 patient lungs reveals diffuse alveolar damage (DAD) as the
predominant tissue injury pattern!®, which is characterized by interstitial and intra-
alveolar edema, hyaline membrane formation and type Il pneumocyte hyperplasia and
death. The disruption of the alveolar-endothelial interphase presumably triggers the
prothrombotic milieu of COVID-19 pathology; in fact, 84% of autopsies show the
presence of microthrombi within the alveolar capillaries?. The high levels of d-dimer
exhibited by severely affected individuals are a biochemical surrogate of this

phenomenon, constituting a prognostic factor of the disease!’.

Single-cell sequencing of bronchoalveolar lavage fluid cells show increased proportions
of activated macrophages with low proportions of dendritic and T cells in critically
affected patients, suggesting a highly proinflammatory macrophage microenvironment

as a major contributor to tissue injury in critical COVID-19%1.

Aside from the viral cytopathic effects on the lung, severe COVID-19 is associated with
systemic inflammation, as evidenced by elevated ferritin and C-reactive protein levels,
whose values at admission and posterior dynamics define those patients with the
poorest outcomes!’. Also, serum levels of proinflammatory cytokines such as IL-6 or
TNF-a have been established as survival predictors in some studies??, supporting the

pathogenic role of the inflammatory host responses.

Accordingly, severe COVID-19 may also lead to extra-pulmonary disease. Over a quarter

of hospitalized patients with COVID-19 have been reported to develop acute kidney
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injury, with up to 45% of patients in the intensive care unit (ICU) requiring kidney
replacement therapy?3. Besides, hypercoagulability and large vessel thrombosis have
been reported in 10-20% of critically affected individuals. Although the specific
mechanisms for such complications remain elusive, it is thought that hyperinflammation
and endothelial dysfunction might be relevant contributors?*, altogether aggravating

the morbidity and mortality of patients with SARS-CoV-2.

Therefore, COVID-19 displays a broad spectrum of clinical forms, ranging from
asymptomatic infection to severe pneumonia. Defining those individuals at the highest
risk for fatal outcomes has been of great importance from the beginning of the

pandemic, due to its impact on guiding preventive measures.

e (COVID-19 epidemiology and vulnerable groups

Given the absence of anti-viral immunity at the population level, SARS-CoV-2 infections
spread rapidly all over the globe. By November 2021, 40% of the world’s population had
been infected?®. With more than 6 million deaths officially reported?®, some studies
revealed a three-fold higher toll when addressing the gap between estimated excess
mortality and declared covid-19 deaths?’. Fortunately, severe forms and death are not
universal outcomes of COVID-19. Hence, a comprehensive evaluation of all the
diagnoses is essential to estimate the actual impact of this emerging disease.

Due to the limited testing capacity during the pandemic’s first months, initial reports
underestimated the proportion of asymptomatic infections, accounting for 1-5% of the
diagnosis’”. However, recent studies indicate that up to 40% of the cases are
asymptomatic?®?°, which is of utmost importance for public health strategies, given the

high rates of pre-symptomatic viral transmission?®.

On the other hand, understanding the magnitude of COVID-19 mortality also has
important implications. Because of the proportion of asymptomatic cases, accurate
estimations of COVID-19 infection-fatality ratios (IFR) rely on sero-epidemiological
surveys. During the pre-vaccine era, IFR was estimated to be 0.5-1%, with a significant
heterogeneity led by age: while those aged 30 displayed an IFR of 0.057%, an
exponential increase of IRF was found in people aged 60 (1%) and 90 (20%)3°%31. Despite

the lower fatality ratios as compared to MERS (34.3%) and SARS-CoV (9.6%), the 3
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million daily infections estimated worldwide during 2020 posed an unprecedented

challenge to global health systems?®.

These data show that advanced age was (and remains) a predominant risk factor for
severe COVID-19, with the lowest mortality rates found among those aged 5-10 years>°.
To a lesser extent, underlying medical conditions such as obesity, diabetes and chronic
kidney disease were also associated with disease progression3?, especially when
combined in the same individuals33. In this regard, solid organ transplant (SOT)
recipients were also rapidly identified as a vulnerable group; nonetheless, some authors
guestioned the impact of immunosuppression as an independent risk factor, given the
significant prevalence of other comorbidities also within this group of patients343>,
Furthermore, the inflammatory features of severe COVID-19 raised the hypothesis of a
protective role of immunosuppression in these individuals3¢=%°, altogether underscoring
the need for better characterizing both innate and adaptive immune responses

occurring in this specific group of patients.

B. The anti-viral immune response: General principles
1. Innate immunity and viral infections

The innate immune system provides the first line of defense against pathogens, rapidly
identifying the infection and triggering the expression of a variety of inflammatory
cytokines. Dendritic cells (DCs) are a major component of the innate anti-viral response
involved in pathogen recognition, cytokine expression and antigen presentation,

eventually limiting viral replication.

e Dendritic cells, inflammation, and type | IFN production.

Dendritic cells are bone marrow-derived cells found in blood, tissues, and lymphoid
organs that initiate innate and adaptive immune responses to viruses by producing type
| interferon (IFN-I) and delivering antigen presentation. Together with other numerous
cells such as macrophages, lymphocytes and epithelial cells, they exhibit the capacity to
recognize preserved molecular structures that are ubiquitous among microbes, known

as pathogen-associated molecular patterns (PAMPs).
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This recognition occurs through the Toll-like receptors (TLR), a group of membrane-
bound proteins*! that sense endocytic viral RNA/DNA and initiate the NF-Bk and the IFN
response factors (IRFs) pathways, leading to nuclear transcription of inflammatory
cytokines (TNF-a; IL-1 and IL-6) and type | interferons, respectively.

In particular, type | interferons are mainly produced by a subset of DC with a prominent
endoplasmic reticulum known as plasmacytoid dendritic cell (pDC)*2. Type | IFNs (o and
B) exert their biological effects through the INFa/B receptor (IFNAR), which is expressed
in all nucleated cells, ultimately interfering with viral replication by several mechanisms:
from transient suppression of cellular protein synthesis to direct RNA degradation?.
Additionally, IFN-I are potent activators of natural killer (NK) cells, a cytotoxic subset of

cells that play essential roles in innate immune responses*+4°,

Overall, type | IFNs promote intracellular transcriptional changes in both infected and
uninfected cells, leading the host to a protective biological milieu known as the “antiviral

state”*6.

On the other hand, classical DC (cDC) are a subset of DC characterized by its capacity for
antigen presentation via major histocompatibility complexes (MHC) type | and II
expression. Therefore, cDC are key activators of naive T cells. They are broadly present
within the epithelia (skin, gastrointestinal tract, lung) and become activated upon viral
recognition. Matured DC upregulate the expression of chemokine receptors®’48,
enabling its migration to local lymph nodes, where antigen presentation occurs.

In the context of a viral infection, type | INF upregulates the expression of MHC I/l

complexes by cDC*. Furthermore, clonal expansion of anti-viral specific CD8 T cells

(both memory and effector) strongly depends on the direct action of type | INF*C.

Hence, in addition to its innate effector function, DC play a central role in engaging

innate recognition and adaptive immunity.
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2. Adaptive immunity and viral infections

The adaptive immune system consists of two major functional categories: humoral (B-
lymphocytes and antibodies) and cellular (T-lymphocytes) immunity. Contrary to innate
immunity, the fundamental properties of the adaptive immune system are specificity,
diversity and memory, which confers long-lasting protection against a virtually infinite

range of antigenic structures.

e Antigen presentation

Initiation of adaptive immunity requires capturing and concentrating antigens in
secondary lymphoid organs in a cell-associated manner>?, since T lymphocytes cannot
recognize soluble antigens. Different cell types serve as antigen-presenting cells (APCs),
namely the ¢cDC mentioned above, macrophages, B lymphocytes and the vascular
endothelial cells. T lymphocytes only recognize those peptides bound to the specialized
Major Histocompatibility Complex (MHC) molecules, which are expressed on the surface
of host cells®?. Their function relies on binding antigens and displaying them for
recognition. Whereas MHC | peptides are recognized by CD8+ T cells, MCH Il proteins
are identified by CD4+ T cells. Hence, for an antigen to be immunogenic, it must be
processed into linear peptides associated with sufficient affinity to MHC molecules and
be eventually recognized through MHC-TCR interactions. These linear series of amino
acids bound to an MHC molecule and recognized by T cells are known as epitopes, and
their characterization is relevant to precisely understand which specific protein regions

elicit immune adaptive responses.

e T-cell immunity

Besides antigen presentation, APCs also provide the necessary molecules for T-cell
activation®3, defining the classical two-signal model by which the TCR downstream
pathways are amplified>*>°>. Among them, the autocrine effects of interleukin-2 (IL-2)
and its cognate receptor (CD25) by T cells is essential for enhancing cell proliferation and
clonal expansion; actually, it elicits a 50.000-100.000 fold increase among antigen-

specific T cells in the acute infection setting®®.
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On the other hand, during the earliest stages of T-cell development, a selection of TCR
co-receptors occurs according to the recognition of class | or Il self-MHC structures: the
CD4+ (MHC-I1) and CD8+ (MHC-I) co-receptors. During this process, these cells become
committed to the CD4+ or CD8+ lineage, representing the two major classes of T

lymphocytes.

There have been described four different subsets of CD4+ T cells according to their
cytokine secretion signature: Th1 (IFN-y, IL-2, TNF-a), Th2 (IL-4, IL-5, IL-13), Th17 (IL-17,
IL-22) and Tfh; the former will be discussed elsewhere. Th1 differentiation is both driven
and targeted to intracellular pathogens, including viruses. Interferon-y, also known as
type Il interferon, is released in response to antigen recognition, amplifying antigen
presentation by MHCI/II upregulation and mediating macrophage activation, ultimately
leading intracellular microbe destruction. On the other hand, CD8+ are MHC class |
restricted and its activation results in the release of perforins and cytotoxic granules

over the target cell.

e Humoral and B-cell immunity

Humoral immune responses are mediated by circulating antibodies; however, their
production and specificity rely upon a complex succession of events subject to

lymphocyte cross-talking, antigen presentation and cellular migration.

In humoral responses, B cells are activated by the interaction of the B-cell receptor (BCR)
with a cognate epitope. In contrast to TCR, BCR does not require MHC presentation;
however, it is insufficient to initiate B-cell responses per se. Upon antigen recognition,
BCR internalizes and processes the antigen into new peptides that eventually will be
taken back to the B cell surface by MHC-Il molecules. By doing so, epitope presentation
to T helper lymphocytes occurs. Upon CD40 ligand (CD154) expression and co-
stimulation, T helper lymphocytes induce B cell proliferation and its differentiation into
short-lived plasmablasts secreting low-affinity antibodies. These relatively rapid
interactions occur outside the B-cell follicles; thus, the name of extra-follicular B-cell

activation.
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On the other hand, T follicular helper (Tfh) cells are a specific subset of CD4+ T cells that
promote further B-cell differentiation, enhancing antibody maturation. IL-21 constitutes
the defining cytokine of mature Tfh required for germinal center development®’, where
activated B cells intensively proliferate and accumulate a high rate of mutations in the
variable genes of heavy and light chains, ultimately leading to a wide range of BCR
specificities. This process is called somatic mutation®®. Thereafter B cells undergo a
selection process in which those with the highest antigenic affinity survive, thereby
improving antibodies specificity, breath and avidity, encompassing a process known as
affinity maturation. Therefore, germinal center reactions are critical to developing

effective humoral responses.

e Main effector mechanisms of adaptive anti-viral immunity

Circulating antibodies are considered the most important correlate of protection in
infectious diseases®®. Their main anti-viral function in vivo is the capacity to neutralize
free viral particles®. Neutralization is the antibody’s capacity to occupy a large portion
of the virion surface, interfering with the host-cell fusion process and ultimately
impeding viral entry to the host cells. Also, neutralizing antibodies can prevent viral
release by cell-cell transmission®.®2, Passive immunization strategies rely on these
properties, being therefore indicated as prophylaxis or shortly after infection®.

However, the mechanism of protection is not necessarily the mechanism of recovery
from infection. Given the obligate intracellular nature of viruses, T-specific cell clones
are the predominant effector mechanism for viral clearance 4%, Mice models of
lymphocytic choriomeningitis virus (LCMV) reveal that CD4+ and CD8+ deficient animals
are not able to attain viral control, developing persistent infections®. In humans, pre-
existing Influenza CD4+ T cells are associated with lower viral shedding and less severe
illness®’. Conversely, the abrogation of CMV-specific T-cell immunity among solid organ
transplant recipients promotes viral replication and disease in prior asymptomatic
carriers®®, Further, monitoring CMV-specific T-cell responses accurately predicts the risk
of infection among these patients®?, altogether highlighting the pivotal role of T-cell

immunity in viral control and infection recovery.
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Figure 2. Integrated overwiew of anti-viral immunity

IFN a/B induced antiviral state

Dendritic cell B cell Epithelial cell
a Inflammatory cell recruitment
o
@ @ i
T eall NK cell Anbhooy B Viral Neutralization

®
o

ﬁ- n T-cell specific cytotoxicity

Qas mablast Macrophage Virus /

C. Immunity to SARS-CoV-2
1. Innate immunity and SARS-CoV-2

Defective type | IFN responses are a hallmark of severe COVID-19, accounting for the
most relevant immunopathological feature of SARS-CoV-2 infection relative to the
innate immune system. Preliminary whole blood transcriptomic analysis and cytokine

measurements on 50 consecutive SARS-CoV-2 infected individuals revealed the lowest
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IFN-a levels among the most critical COVID-19 cases’®. Later longitudinal studies showed
that mild SARS-CoV-2 infections are defined by an early and transient INF-I signaling’!~
73, whereas severe infections exhibit profoundly impaired early induction, followed by a
sustained up-regulation at disease progression’47>, Hence, it is likely that distinct
temporal kinetics of type | interferon expression might account for the divergent

outcomes observed in naive individuals.

e SARS-CoV-2 interferon antagonism and defective type | interferon responses

Respiratory tract cell lines and animal models have shown that, compared to other
respiratory viruses, SARS-CoV-2 is a poor inductor of IFN-l responses’®. Its genome
encodes interferon antagonists directly disrupting host responses, akin to previous
SARS-CoV and MERS. Non-structural (NSP) and accessory proteins account for the vast
majority of these suppressors. Among them, NSP1 and ORF6 are the most prominent
viral components for suppressing IFN induction and signaling, promoting successfully
viral evasion, replication and virulence’”/78,

In line with these data, Zhou et al. described a significant reduction in circulating DCs
during acute severe infection compared to convalescent and healthy controls. Besides,
ex-vivo stimulation of these DCs revealed a profound abrogation of IFN-a and IFN-B
production and defective expression of the CD86 co-stimulatory molecule. In this
regard, DCs from actively infected individuals were not capable of inducing CD4 and CD8
T-cell proliferation in mixed lymphocyte reaction assays, contrary to the controls’®.
These data support not only the defective IFN-I response as a hallmark of severe SARS-
CoV-2 infections but also underline its influence over antigen presentation, thereby

hampering adaptive immune priming and leading to delayed immune T-cell responses.

On the other hand, several reports revealed that a proportion of patients with life-
threatening COVID-19 harbor autoantibodies against type | INF. A large cohort
demonstrated a prevalence of 10%, being only detected among severe cases (mainly
men and the elderly)®, while absent among asymptomatic/mild cases. Also, a significant
number of severely affected individuals (17 to 77 years) showed loss-of-function
mutations on TLR and type-I IFN receptor genes®, supporting the relevant implication

of deficient type-I interferon responses in critical infections.
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Notably, older individuals are known for displaying lower numbers of circulating pDCs
with reduced capacity to type | IFN production®. In an experimental model of SARS-CoV-
2 infection, transcriptomic analyses comparing type | interferon gene expression in lungs
from young and old macaques revealed a severe downregulation of these pathways
among the oldest subjects®3. Additionally, prior mice SARS-CoV-1 models showed that
lung DC from older animals displayed an impaired migration capacity, negatively
affecting T-cell priming®*. These studies shed some light on the innate determinants of
SARS-CoV-2 progression among the elderly.

Therefore, the convergence of the viral escape mechanisms with some host
predisposing factors might determine the risk of complications derived from SARS-CoV-

2 infection.

e Dysregulated inflammation in COVID-19

SARS-CoV-2 infection promotes the expression of the NF-kB pathway’s genes’®. The
subsequent production of inflammatory cytokines such as TNF-q, IL-6, CCL2 and CCL8
promotes endothelial permeability and monocyte migration?!, ultimately leading to
pulmonary injury. In fact, serum TNF-a and IL-6 have been proposed as prognostic
biomarkers??, while IL-6 pathway inhibitors have been proved effective in severe COVID-
198>86, Remarkably, a longitudinal study in ferrets showed that these responses lasted
beyond the viral clearance’®, supporting the overactive inflammation observed in critical
infections. A direct role of SARS-CoV-2 viral proteins, both structural®”# and non-
structural®®, has been suggested in activating NF-kB in vitro, thus providing insight into

the molecular basis of the aberrant inflammatory responses observed in severe cases.

In sum, the imbalance between NF-kB and interferon response factors (IRFs) pathways
upon viral recognition illustrates the innate immune signature of severe SARS-CoV-2
infections, which might ultimately interfere with the adaptive responses through

defective antigen presentation (Figure 3).
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Figure 3. Innate immunity and SARS-CoV-2
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2. Adaptive immunity and SARS-CoV-2
2.1 - Immunological determinants of SARS-CoV-2 protection: experimental models

It is essential to distinguish between the role of the adaptive immunity developed de
novo during the SARS-CoV-2 infection from that exhibited by convalescent individuals to
delineate the relative contribution of all its components against the viral infection.
Understanding which immunological mechanisms contribute to protection in these
different settings is paramount for future SARS-CoV-2 vaccines and
immunotherapeutics.

In this regard, because of ethical, biological and logistic constraints, it has been rather
difficult to characterize host responses specific to SARS-CoV-2 in humans, nor its
correlates of protection. However, animal models allow for deciphering important

aspects of COVID-19 such as transmission, pathology and protection.

As for the primary infection, Israelow et al.®® established the immunological
determinants of viral clearance in naive mice with various genetic immune deficiencies.
They observed that RAG-1 deficient mice (deprived of Band T lymphocytes) were unable
to clear acute SARS-CoV-2 infection. However, B-cell-deficient mice retained the ability
to eliminate the viral RNA, whereas CD4+ and CD8+ deficient did not, suggesting that T-

cell immunity might be capable of controlling the disease in the absence of humoral (B-
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cell) responses. Overall, they established the pivotal contribution of the T-cell
compartment for infection resolution. Accordingly, previous animal models based on
the former SARS-CoV infection anticipated these results, highlighting the importance of

T cells against human betacoronaviruses®%2,

Furthermore, the importance of pre-existing humoral and cellular immunity by passive
transfer of either specific T cells or sera before viral exposure was also investigated, and
while T-cell infusion significantly attenuated viral replication, those treated with
antibodies did not develop the infection. Accordingly, McMahan et al.>® showed that
convalescent immunoglobulin transfer prior SARS-CoV-2 challenge conferred dose-
dependent protection (non-detectable RNA) in a group of naive rhesus macaques.
Therefore, both studies concluded that the presence of neutralizing antibodies might be

sufficiently protective against infection, regardless of the T-cell compartment.

However, antibody titers waned over time in these convalescent macaques. Despite
this, they all developed anamnestic responses at viral re-exposure (rise in both antibody
titers and IFN-y CD4+/CD8+ responses) that allowed these animals to clear the virus
effectively. In order to evaluate the role of cellular responses in this setting, the authors
depleted the CD8 T-cell compartment in these convalescent individuals displaying a
waning humoral immunity. Although this group exhibited a significant increase in
serologic and CD4+ T-cell responses, they all contracted an infection with longer

persistence of respiratory RNA.

In conclusion, these animal models illustrate a synergic role of main adaptive immune

components, with particular contributions:

- Neutralizing antibodies are protective by preventing viral attachment to the
host cells, either by passive transfer (naive animals) or by sustained intrinsic

production (convalescent animals).

- Once infected by SARS-CoV-2, T-cell responses are key for achieving an effective

viral clearance in both naive and experienced animals.

- Convalescent animals are capable of developing anamnestic immune

responses to prevent reinfection or limit its course.
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2.2 - De novo adaptive immune responses to SARS-CoV-2
e Epitope characterization and T-cell immunodominance

Defining SARS-CoV-2 epitopes and their adaptive immune responses was crucial for
assisting vaccination design and establishing mechanisms of effective host defense in
naive populations. Based on the high degree of similarity between SARS-CoV and SARS-
CoV-2 sequences, and using bioinformatic predictive analyses, specific T-cell epitopes
were initially defined®, being afterwards confirmed and characterized by ex-vivo T-cell

simulation assays®>?® from convalescent donor’s lymphocytes.

In these studies, epitope pools identified 100% and 70% of CD4+ and CD8+ specific
responses in convalescent individuals, respectively. Whereas CD4+ exhibited a Th1l
phenotype upon antigen stimulation (IFN-y and IL-2 secretion), specific CD8+ expressed

IFN-y, granzyme B and tumor necrosis factor®>,

As for the antigenic profile, the Spike, Membrane, Nucleocapsid and the non-structural
protein 3 (nsp3) were described as the most immunodominant proteins, representing
more than 80% of the T-cell repertoire, both for the CD4+ and the CD8+ lineages.
Notably, T-cell responses could recognize between 30-40 epitopes for each donor,

showing minimal overlap with the relevant RBD epitopes of humoral responses.

e B-cell and humoral immunity

In those works evaluating humoral immunity, 90% of individuals seroconverted ten days
after symptoms onset®”*® with definite seroconversion rates ranging between 91-99%
in large cohorts®>'%, |n a cohort of 647 convalescent individuals, more than 90% of
serum neutralizing activity accounted for the receptor binding domain (RBD) antibodies,
thus underscoring the specific structural target that prevents the Spike protein from its
engagement with ACE receptors. Initial B-cell responses are predominantly mediated by
short-lived plasmablasts generated by extrafollicular reactions, shifting towards a
germinal center dependent maturation during convalescence®?. Accordingly, despite a
significant RBD-IgG decay in the following months, most individuals exhibited an
increment in their neutralizing capacity, consistent with an ongoing affinity maturation

of the B-cell responses'®?,
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e Adaptive immunity and disease severity: the importance of early kinetics

Several works consistently reported higher IgG and IgA titers among moderate/severely
affected patients, compared to mildly symptomatic subjects®-1%, Furthermore, 77% of
hospitalized individuals” serum was neutralizing, whereas it was the case in only 18%
and 11% of the mild and asymptomatic groups, respectively'®. Therefore, disease
severity determines the magnitude and affinity of humoral responses against the RBD
domain. A similar pattern has also been identified for the T-cell!®6-110 and B-cell
compartments!®12with more significant responses following the most severe
infections.

Therefore, given the robust adaptive responses exhibited by critical COVID-19, some
authors proposed that overactive adaptive immunity might be in itself involved in the

pathogenesis of COVID-19113,

Notwithstanding, a longitudinal study including 229 COVID-19 subjects!® revealed that
while anti-S IgG levels correlated with disease severity, such correlation was time-
dependent: deceased patients mounted a robust yet delayed humoral response
compared to survivors, which was also described by others''41>, Moreover, longitudinal
analyses of SARS-CoV-2 T-cell responses revealed rapid and specific cell proliferation as
a feature of non-severe infections®®116-118 with adequate viral clearance, describing
detectable CD4+/CD8+ responses from day four after symptoms onset. In a thorough
evaluation of 53 acute patients, those eventually developing a severe COVID19
presented delayed and uncoordinated humoral and T-cell responses at the most initial

time points®.

In summary, the available data underscores the importance of immune trajectories,
suggesting a critical time window in which prompt innate and adaptive responses
improve viral control and disease outcomes’>'1°, Delayed adaptive priming and innate
dis-regulation at advanced stages of the disease could lead to hyper-inflammatory
responses, higher viral loads and tissue injury (Figure 4). Whether these defects rely on
innate deficiencies®®®! impaired antigen presentation??® or intrinsic adaptive immune

121

dysfuntion'4*, separately or in a combined fashion, remains uncertain.
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Figure 4: De novo adaptive immunity to SARS-CoV-2 (Sette A et al. 2021)7®
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2.3 - Immune memory to SARS-CoV-2

SARS-CoV and Middle East Respiratory Syndrome (MERS) survivors showed persistent
specific T-cell immunity up to 11 years after the infection'??, whereas circulating
antibodies waned over time!?3. Given the high similarity of the SARS-CoV-2 protein
sequence to the other two zoonotic betacoronaviruses, similar immune kinetics were

expected from COVID-19 convalescent subjects.

e T-cellimmune memory

Specific T-cell responses peak after infection and contract thereafter, consistent with
the canonical dynamics following the effector anti-viral phase'?*. Nonetheless, IFN-y-
producing T-cell frequencies may be detected by ELISpot assays in up to 90-95% of
convalescent patients after 6 to 12 months, showing a preferential recognition for the
structural antigens (S,M,N) in comparison to the non-structural SARS-CoV-2
peptidesi®” 110 |mportantly, and in line with humoral immunity, the duration of anti-viral
T-cell responses is highly influenced by disease severity.

Activation-induced markers (AIM) T-cell assays have revealed that specific CD4+ T cells
prevail over the CD8+ T cells in the long term. CD4+ T cells display a central memory

phenotype (CD45RA-CCR7+) and a Th1 polyfunctional profile with specific IFN-y, IL-2 and
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TNF-a secretion. Phenotypic markers indicate that SARS-CoV-2 specific CD8+ T cells are
terminally differentiated effector memory cells (Temra) secreting IFN-y, TNF-a and

granzyme B12>126,

Notably, several studies reported the presence of SARS-CoV-2 specific T-cells in a certain
proportion of un-exposed donors ranging from 20-50%'27-13°, Hence, it was speculated
that pre-existing T-cell immunity might originate from prior exposures to “common
cold” coronaviruses. Given the high rates of asymptomatic infection, only pre-pandemic
biological sample analyses could rule out prior exposures; however, most of the studies
enrolled contemporary “un-exposed” donors in their cohorts, thus making it difficult to
differentiate between eventual in-vitro cross-reactivity from true previous antigen-
specific memory T cells'®131, |n addition, long-lasting PBMC’s stimulation cultures
during weeks have been employed in some works'3®, which may triggerin
vitro differentiation of de novo memory T cells instead of providing the functional
assessment of circulating, freshly retrieved PBMC. While several works considering
these methodological aspects demonstrated the presence of cellular cross-reactivity to
SARS-CoV-2 in some donors'?”132  the clinical relevance of these pre-existing T cells

remains unproven, being still a subject of debate.

e B-cell and humoral immune memory

As for the humoral immune kinetics, several studies have described a bi-phasic pattern
consisting of an initial peak 1-2 months after the symptoms onset, followed by a rapid
decrease afterwards and a stable plateau lasting for more than one year!10:125133,134 Thjg
pattern is consistent with transitioning from an early burst of extrafollicular
plasmablasts producing antibodies with little to no somatic hypermutation0%192135 to
constitutive antibody production by long-lived plasma cells (LLPC). Accordingly, one
study reported a positive correlation between specific LLPC frequencies and antibody
titers seven months after the infection'3®. Moreover, these authors identified Spike-
specific memory B-cells in circulation, altogether indicating that SARS-CoV-2 infection
triggers a robust germinal center reaction. Interestingly, different kinetics on antibody
decay has been reported, being those Spike and RBD long-lasting compared to the

nucleocapsid ones, which show an accelerated decrease.'331%7,
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As described for the de novo anti-viral immune responses, some other works have also
reported a much faster antibody waning among those asymptomatic infections'38139,
Indeed, in several studies!l®12>133140  djsease severity was consistently found of
relevance in determining not only the magnitude (peak) but also the durability of

humoral responses.

Conversely, RBD-specific mBC trajectories are characterized by a progressive expansion
up to eight months post-infection, before reaching a plateau!!®?>141 The antigenic
persistence in the host might explain these observations; indeed, viral nucleic acids have

been identified in the gut for at least two months after infection4!.

These data confirm that adaptive responses after SARS-CoV-2 infection are long-lasting,
encompassing several immune compartments with distinct kinetics. However, infection-
derived immunity is highly heterogeneous between individuals, with some viral and

host-related factors influencing both early and persistent immune kinetics.

2.4 - Protective immunity

e Reinfection risk among convalescents

Protective immunity to most pathogens does not refer to a binary outcome but reflects
a spectrum of expressions. Thus, considering the different outcomes of COVID-19
(transmission, infection, disease and death) when evaluating immunological protection

is of utmost importance to improve our understanding of the main immune mechanisms

behind42,

Several studies addressing the protective immunity derived from prior SARS-CoV-2
infected (non-vaccinated) individuals have been published, showing that infection
provided long-lasting protection to subsequent COVID-19 (asymptomatic included) with
85-95% lower risk of reinfection over the following 7-8 months!43-143, especially among
those patients with detectable antibodies'44. In a prospective cohort of 25.661
healthcare workers attending regular SARS-CoV-2 PCR testing, the median interval

between primary and secondary infections was longer than 200 days (Figure 5)%°.
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More recently, a population-based retrospective work including more than 2 million
convalescent, unvaccinated individuals revealed even longer protection, with 87% lower
risk of hospitalization due to COVID-19 up to 20 months of follow-up, compared to naive
(unvaccinated/uninfected) people'®. Notably, the Alpha and Delta strain outbreaks
occurred during the follow-up, suggesting a preserved heterologous protection against

the distinct variants of concern (VOC).

Figure 5. Weekly frequency of positive PCR according to prior infection

(Hall.V.] et al. 2021)145
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e Infection-derived immunity and the new VOC: insights into protective

mechanisms

In late December 2021, the Omicron variant emerged, causing a large number of
infections and currently becoming dominant in many countries. A recently published
case-control study from Qatar!4’, which excluded vaccination status from the analysis,
revealed that prior SARS-CoV-2 conferred an 87-92% protection against Alpha, Beta and
Delta variants infection, while dropping to 56% against Omicron. Remarkably, none of
the reinfections progressed to critical/fatal COVID-19, providing an 87% protection

against hospitalization, consistently with another report from South Africa4®,
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The significant antigenic changes within the Omicron RBD domain are the result of
dominant humoral response against those sites!*°. Consequently, antibodies from
recovered individuals have shown a dramatic neutralizing reduction compared to former
strains®>°. Nonetheless, SARS-CoV-2 specific CD4+ and CD8+ T cells elicited by prior

infection remain largely preserved against distinct VOC'??, including Omicron®..

Since neutralizing antibodies are highly predictive of immune protection'>?, decoupling
severe outcomes from the high number of reinfections is likely to rely on the T-cell

immune compartment!19148153,154

This concept is of great interest, especially for those groups remaining vulnerable to
severe COVID-19 as the immunocompromised patients. In particular, given the T-cell
targeted therapies as the mainstay of solid organ recipients management, it is

necessary to characterize the infection-derived responses in this vulnerable group of

patients.

3. Immune phenotypes in vulnerable individuals

e The elderly

De novo specific T-cell responses are highly dependent on the circulating pool of naive
T cells, which correlate with the TCR repertoire. However, TCR diversity declines with
age®>. In an elegant study®®, Moderbacher et al. showed that low proportions of
circulating naive CD8+ T-cell populations were associated with COVID-19 severity®°®,
while confirming a negative correlation between age and naive T compartment. On the
other hand, those individuals aged >65 displayed more delayed and uncoordinated
adaptive responses between CD4+ T cell and antibody responses than younger patients,
contrary to other reports on mildly symptomatic infections. Therefore, delayed,

uncoordinated and restricted T-cell immunity might define the dysregulated adaptive

responses in the elderly, leading to enhanced viral replication and disease progression.

In this regard, the elderly, immunosuppressed patients, and those with severe infection

phenotypes have been associated with longer SARS-CoV-2 shedding®’. On the contrary,
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asymptomatic patients display much earlier viral clearance!®®, thus supporting the

influence of early de novo responses over the viral kinetics.

Strikingly, age has been associated with stronger immune responses at
convalescence!'913715 |n a cross-sectional study including 31.426 convalescent
subjects'®, antibody titers displayed a U shape trend, with the lowest antibody titers
among those aged 19-30. These paradoxical observations might rely on the higher viral
loads and prolonged shedding reported among the elderly and the higher proportions

of severe infections occurring among this group of patients.

While confirmatory data is lacking in this regard, it is essential to consider the distinct
kinetics in a longitudinal manner (infection-convalescence) to properly understand the

immune phenotypes reported at the distinct time points (Figure 4).

e Immunocompromised Solid Organ transplant patients

Discriminating the role of chronic immunosuppression from that exerted by other often
concomitant comorbidities such as age, obesity, or cardiovascular disease has been a
challenging issue. Initial works draw discordant conclusions on the effects of
immunosuppression in hospitalized, already severely affected individuals343.
Nonetheless, population-based studies encompassing the full spectrum of COVID-19
proved the deleterious impact of immunosuppression on disease progression'®?, It was
the case for solid organ transplantation, showing an increased likelihood of

hospitalization and death during the pre-vaccination era.3%162-164

Other works on immunosuppressed individuals revealed significant insights on the
relative contributions of adaptive immunity on SARS-CoV-2 clearance and disease
severity. In particular, studies on chronically infected people with the human
immunodeficiency virus (HIV) determined that those living with <200 CD4+ T cells / mm3
were at the highest risk for hospitalization, ICU admission and lower survival'6>166,
Likewise, individuals with hematologic malignancies with fewer CD8+ T cells presented
higher viral loads and reduced survival rates after the infection'®’. Overall, these data

underscored the impact of baseline T-cell depletion on COVID-19 progression risk.
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Another observation supporting the deleterious impact of immunosuppression is the
prolonged viral shedding exhibited by patients with hematologic malignancies!®® and
solid organ transplants. In kidney transplant series!®9171, 20-25% of individuals present
viable SARS-CoV-2 one month after the symptom onset. Remarkably, in another KT
cohort, when participants were reevaluated at 28 days of infection with a follow-up
SARS-CoV-2-IgG test and PCR, 43.2% of seronegative individuals still tested positive!’2.
These findings are consistent with those reporting a relationship between late-onset
SARS-CoV-2 T-cells and longer viral shedding'!®, suggesting a dynamic interplay between
delayed adaptive immunity and inadequate viral control (Figure 4), confirming

preliminary observations in animal models®°.

Despite these insights, the inflammatory profiles triggered by severe SARS-CoV-2
infections fostered the hypotheses of the potential benefits of using
immunosuppressive treatments during acute infection. Therefore, defining the
immunobiology of the disease and the implication of the T-cell compartment on SARS-
CoV-2 specific cytokine production was particularly important in solid organ
transplantation, given the consequences of immunosuppression adjustment. Moreover,
considering the long-lasting immune protection achieved by convalescent patients in
the general population, characterizing the infection-elicited immune memory in SOT

was considered an urgent need.

Indeed, the first report on adaptive immunity in a SOT recipient was published by Babel
et al. in June 2020, describing the presence of SARS-CoV-2 reactive T cells and the
production of specific anti-Spike antibodies in an infected kidney-pancreas transplant
recipient!’3. Shortly after, Candon et al. characterized seven convalescent KTs,
demonstrating comparable IFN-y producing T-cell frequencies against Spike, Membrane,
Nucleocapsid and ORF3 to non-immunosuppressed patients in chronic hemodialysis,
between 17-42 days after infection!’. A larger cohort of 35 kidney transplant recipients
showed a 100% detection of recombinant Spike and Nucleocapsid antibodies from day
14 onward!’>; however, six months after COVID-19, detectable rates of humoral

immunity seemed to decline, ranging from 50% to 85% of seropositive convalescents!’6

178
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Despite the small sample size and the lack of standardized cut-offs that hindered direct
comparisons with the general population, a relatively preserved immune memory
profile was shown by these works, at least among hospitalized patients. Nevertheless,
larger and more comprehensive studies with extended follow-up were necessary to
confirm these preliminary results and improve our understanding of infection-derived

immune responses in SOT.
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IILHYPOTHESIS

The hypothesis of this thesis is that by investigating main clinical and demographic
features of COVID-19 as well as accurately characterizing SARS-CoV-2-specific adaptive
immunity, both during infection and convalescence in solid organ transplant patients, as
compared to immunocompetent patients, we would gain relevant insight on major
determinants driving distinct clinical outcomes as well as on the degree of anti-viral

immune protection achieved in this highly vulnerable group of at-risk patients.
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lll. OBJECTIVES

The main objectives of this thesis were:

1. To analyze main clinical, demographic and immunological risk factors associated with
the development of adult respiratory distress syndrome (ARDS) and death in a large
multicentric cohort of kidney transplant recipients hospitalized due to COVID-19 during

the first wave of the pandemic.

2. To characterize the kinetics and magnitude of SARS-CoV-2 specific adaptive immune
responses at the T-cell and serological immune compartments, among SOT patients
hospitalized due to COVID-19 and compare them to those exhibited by a matched group

of immunocompetent patients.

3. To investigate the relative persistence of peripheral adaptive immune memory
specific to SARS-CoV-2 up to six months after COVID19 by evaluating both serological
and T and B cell memory/effector immune compartments in SOT recipients, compared

to a matched cohort of IC convalescents patients.
4. To comprehensively characterize the strength and durability of SARS-CoV-2-specific

adaptive immunity across distinct clinical presentations of COVID-19, from severe to

asymptomatic infections, in convalescent SOT and immunocompetent patients.
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IV. MATHERIALS, METHODS AND RESULTS

Article 1.

Clinical characteristics and risk factors for severe COVID-19 in hospitalized kidney

transplant recipients: A multicentric cohort study

Am J Transplant. 2020 Nov;20(11):3030-3041; doi: 10.1111/ajt.16246

Objective:

To analyze main clinical, demographic and immunological risk factors associated with
the development of adult respiratory distress syndrome (ARDS) and death in a large
multicentric cohort of kidney transplant recipients hospitalized due to COVID-19 during

the first wave of the pandemic.

43



Document signat digitalment per: ALEXANDRE FAVA BUCH

Received: 8 June 2020

Revised: 16 July 2020

'.] Check for updates

Accepted: 24 July 2020

DOI: 10.1111/ajt.16246

ORIGINAL ARTICLE

AJT

Clinical characteristics and risk factors for severe COVID-19 in
hospitalized kidney transplant recipients: A multicentric cohort

study

Alexandre Faval? | David Cucchiari®
Francisco J. Centellas® | Anna Vila-Santandreu® | Ana Coloma®?

| Nuria Montero?® | Nestor Toapanta* |

| Maria Meneghinil? |

Anna Manonelles’? | Joana Sellarés* | Irina Torres* | Rosana Gelpi® |

Inmaculada Lorenzo*

Manel Perell6* | Carme Facundo® | Daniel Seron

Oriol Bestard®?

1Nephrology Department, Hospital
Universitari de Bellvitge, Barcelona, Spain

’Biomedical Research Institute (IDIBELL),
Hospital Duran i Reynals, Barcelona, Spain

3Nephrology Department, Hospital Clinic
de Barcelona, Barcelona, Spain

“Nephrology Department, Hospital de Vall
d’ Hebron, Barcelona, Spain

SNephrology Department, Complejo
Hospitalario Universitario de Albacete,
Albacete, Spain

%Nephrology Department, Fundacié
Puigvert, Barcelona, Spain

Correspondence
Nuria Montero
Email: nuriamonteroperez@gmail.com

Josep M. Cruzado
Email: jmcruzado@bellvitgehospital.cat

Funding information

CERCA Program/Generalitat de Catalunya;

ISCIII RETICS RedinRen, Grant/Award
Number: RD16/0009/0003

| Pedro Ventura-Aguiar®

| Josep M. Cruzado®?

| Frederic Cofan® | Jose V. Torregrosa® |
* | Federico Oppenheimer® |

| Francesc Moreso?® | Edoardo Melillit2

Kidney transplant recipients might be at higher risk for severe coronavirus disease
2019 (COVID-19). However, risk factors for relevant outcomes remain uncertain in this
population. This is a multicentric kidney transplant cohort including 104 hospitalized
patients between March 4 and April 17, 2020. Risk factors for death and acute res-
piratory distress syndrome (ARDS) were investigated, and clinical and laboratory data
were analyzed. The mean age was 60 years. Forty-seven patients (54.8%) developed
ARDS. Obesity was associated to ARDS development (OR 2.63; P = .04). Significant
age differences were not found among patients developing and not developing ARDS
(61.3 vs 57.8 years, P = .16). Seventy-six (73%) patients were discharged, and 28 (27%)
died. Death was more common among the elderly (55 and 70.8 years, P < .001) and
those with preexisting pulmonary disease (OR 2.89, P = .009). At admission, higher
baseline lactate dehydrogenase (257 vs 358 IU/mL, P = .001) or ARDS conferred higher
risk of death (HR 2.09, P = .044). In our cohort, ARDS was equally present among
young and old kidney recipients. However, the elderly might be at higher risk of death,
along with those showing higher baseline LDH at admission.
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1 | INTRODUCTION

In December 2019, severe acute respiratory syndrome-coronavirus
2 (SARS-CoV-2) emerged in China, which was shortly recognized as
the pathogen of a new cluster of respiratory illness designated as
coronavirus infectious disease 2019 (COVID-19).!

The clinical course and prognosis of COVID-19 have been thor-
oughly described, identifying older age and the presence of comor-
bidities as the main risk factors for mortality and acute respiratory
distress syndrome (ARDS) development.?* Nevertheless, whether
these clinical manifestations and risk factors are valid in renal trans-
plant or other solid organ recipients remains unclear. The role of
immunosuppressive therapies, its management during the course of
the active viral infection and their potential interactions with cur-
rently compassionate treatments used for COVID-19 represent a
unique clinical scenario that deserves to be characterized.

Among the 33 766 prevalent kidney transplant recipients (KTs) in
Spain,5 433 COVID-19 infection cases had been reported up to April
25, 2020.° The KT population constitutes a large group of patients
considered to be at high risk of complications due to the maintenance
of chronic immunosuppression. Single-center case-reports and small

series of KT have been published””?

with divergent results and recom-
mendations. Actually, in those studies sample size was small and most
patients remained admitted at the end of the follow-up.

Here, we report clinical data and outcomes of 104 consecutive
KTs with confirmed COVID-19 infection hospitalized in 5 different
Spanish kidney transplant units. Our main objectives were to evalu-
ate main risk factors of ARDS and death and to delineate the clinical

course and biological profile in this setting.

2 | METHODS AND MATERIALS

This is a retrospective multicentric observational cohort study. Our
study enrolled all KTs with COVID-19 infection and hospitalized be-
tween March 4 and April 17, 2020, in participant centers. All of them
had confirmed SARS-CoV-2 infection by real-time reverse tran-
scriptase-polymerase chain reaction (rt-PCR) analysis performed
on nasal or pharyngeal swab samples. The hospital admission cri-
teria were need of oxygen therapy, x-ray infiltrates, renal dysfunc-
tion, or those with recent (<7 days) symptom onset regardless of its
severity (i.e., fever without pneumonia or diarrhea). All patients in-
cluded had a complete follow-up until discharge (curation or clinical
improvement) or death. COVID-19 KTs with exclusively outpatient
care were excluded from the analysis because of the potential not-
reported cases and the lack of follow-up data. Data were obtained
and recorded in a common data collection form in all transplant cent-
ers. The study was approved by all hospital ethical review boards
(PR173/20).

We collected the following baseline data: age, race/ethnicity,
gender, time after KT, first or repeat transplant, type of transplant
(kidney or combined pancreas with kidney or liver with kidney),

type of donor (deceased or living), primary end-stage renal disease

AJT

(ESRD), maintenance immunosuppression, induction therapy, basal
graft function (serum creatinine and estimated glomerular filtration
rate by CKD-EPI [eGFR]), comorbidities such as heart disease (heart
failure, coronary artery disease, atrial fibrillation or valvular heart
disease), hypertension (type of treatment before illness), obesity
(body mass index >30), pulmonary disease (chronic obstructive pul-
monary disease, bronchiectasis, asthma, or sleep apnea-hypopnea
syndrome), active neoplasm, or lymphopenia before admission.
Initial clinical symptoms (fever defined by a temperature >37.5°C,
respiratory status recorded through the pulse oximetry saturation/
fraction of inspired oxygen ratio [Spo,/Fio,]) and x-ray evaluation
and analytical assessment that were carried out at admission and
3, 6, 9, 12, and 15 days after the admission were also recorded.
Individuals considered to have a COVID-19 nosocomial infection
were patients in these 2 clinical scenarios: a diagnosis of COVID-19
while being hospitalized due to a different clinical reason or COVID-
19 infection in patients who had been discharged from the hospital
within the preceding 14 days. Missing data were recovered and in-
consistencies were corrected through online interaction.

The primary endpoints were death and ARDS defined by the
World Health Organization interim guidance (bilateral opacities
not explained by volume overload and Spo,/Fio, ratio <315).° The
secondary endpoints were acute kidney injury (AKI) using KDIGO
definition,!* number and type of immunosuppression withdrawal,
use of anti-COVID-19 therapies, and associated adverse events
(including gastrointestinal, cutaneous rash, QT prolongation [con-
sidered prolonged if QTc values are >450 milliseconds in males or
>470 milliseconds in females], hepatitis [defined as an elevation of
alanine transaminase and aspartate transaminase greater than twice
the normal values], and tacrolimus intoxication defined by plasmatic
levels of 220 ng/mL regardless of nephrotoxicity or neurotoxicity).
Anti-COVID-19 protocols in all hospitals were similar and regularly
updated according to newly published information. Generally, these
included first hydroxychloroquine and lopinavir/ritonavir, darunavir/
ritonavir, darunavir/cobicistat, and then remdesivir, interferon-f1a,
intravenous steroid therapy, and tocilizumab in case of clinical
deterioration.

2.1 | Statistical analysis

Continuous variables were expressed as mean + SD or median and
IQR and categorical variables as number of total (n) and percentage
(%). Comparison between groups was performed using Pearson’ X2
test for categorical data or Fisher exact test was applied when the
number of cases was < 5. One-way analysis of variance and t tests
were used for normally continuous distributed data, and nonpara-
metric Kruskal-Wallis test and Mann-Whitney U test were used for
nonnormally distributed variables.

Both univariate and multivariate logistic regression models were
performed to examine the risk factors associated with ARDS. To ex-
plore the risk factors associated with patient survival, a Cox regres-

sion model was used to estimate hazard ratios in an univariate and
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multivariate analyses, missing data were excluded listwise. The anal-
yses of patient's survival were censored for death (death certificate
date) or recovery (day of discharge and clinical recovery). Due to the
relatively small number of death (25) events to avoid overfitting in
the model, just 4 variables were chosen for multivariable analysis on
the basis of previous findings and clinical constraints.

All P-values were 2-tailed and statistical significance level was
fixed at P < .05. SPSS 20.0 software (SPSS Inc), STATA16, and
GraphPad Prism version 6.0 (GraphPad Software) were used for data
management and analysis.

3 | RESULTS

We followed the STROBE Guidelines to report this observational
study. Data from 5 Spanish kidney transplant units were ob-
tained (Hospital Universitari de Bellvitge, Hospital Clinic, Fundacio
Puigvert, Complejo Hospitalario Universitario de Albacete, and
Hospital de Vall d’'Hebron). Among the 7092 KTs followed in these
units, 112 had COVID-19 infection during the study period, 109
patients required hospitalization, and 104 fulfilled inclusion and ex-
clusion criteria (Figure 1). Considering the prevalent KT population
followed in the 5 hospitals, the admission for COVID-19 rate was
0.23 per 1000 patient-days. The median follow-up of the entire co-
hort was 14.5 (IQR 8-96) days.

Baseline characteristics of the study population are shown in
Table 1. The mean age was 59.7 + 12.48 years. The majority of the
patients were male (55.7%) with a high prevalence of hypertension
(85.6%); 35.6% of the cohort were treated with angiotensin -con-

verting enzyme inhibitors (ACEls) or angiotensin receptor blockers

(ARBs). Diabetes was present in 30.8%, and 15.4% of patients had
previous pulmonary disease. The most frequent immunosuppres-
sive drug used was tacrolimus in 85.5% of the cohort, and 19.3%
of patients were maintained using a mTOR inhibitor-based strat-
egy. The mean serum creatinine levels before admission were
158.6 + 79.1 umol/L.

There were 14 nosocomial COVID-19 infections. Clinical char-
acteristics and outcomes of individuals with nosocomial COVID-19
infection are presented in detail in Table S1.

The median time between appearance of symptoms and admis-
sion was 5 (IQR 2-10) days. The most frequent initial clinical man-
ifestation was fever (77.9%), followed by: cough (68.3%), dyspnea
(36.5%), myalgia (32.7%), and diarrhea (30.8%) (Table 1, Figure 2).
Analytical parameters at the admission showed a general inflam-
matory status with elevation of lactate dehydrogenase (LDH) with
a mean of 31746 + 147.44 1U/mL, C-reactive protein (CRP) of
78.7 mg/L (IQR 31.9-137.15), D-dimer of 614 ng/mL (IQR 400.75-
1344.5), ferritin levels of 574.5 ug/L (IQR 309.75-933.5), and lymph-
openia with a median of 650 cells/mm?® (IQR 400-1000). Seventeen
patients (16%) were admitted without oxygen requirement or x-ray
abnormalities.

3.1 | ARDS

Oxygen supply was required at any time point in 85.6% of all the in-
cluded patients, 54.8% met ARDS criteria, and 16.3% were treated
with invasive and/or noninvasive ventilation (13.6% and 15.3%, re-
spectively). The median time of appearance was 3 (IQR 3-6) days after

admission (7 days after symptoms onset). Those who died presented

Kidney Transplants recipients at follow up at the 5 centers at February 2020

Total: 7092

HC: 2402 ; HVH: 1252; BELL: 1571; PGV: 1337; ALB: 530

Admitted at ED for COVID-19 (from 4™ March to 16™ April)

N=103*

Excluded from the analysis

6: without PCR (diagnosis by X-Ray or CT)
2: discharged at home (no readmission)

Nosocomial COVID-19 infection
R (already Hospitalized)

28 Death

|

N=9
Admitted at the hospital
N= 104
v

s

-

76 Discharged at home & Alive

*5 patients admitted at ED were considered nosocomial infection

ED: Emergency Department

FIGURE 1 Flowchart of the study population. We excluded nonhospitalized and nonconfirmed by real-time RT-PCR COVID-19 kidney

recipients. ED, emergency department
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TABLE 1 Demographic and clinical characteristics of kidney
transplant patients with coronavirus disease 2019 pneumonia

Patient characteristics

Age (y, mean + SD)
Sex: male/female (n, %)

Race (n, %)

Type of transplant (n, %)
KT/combined transplant®
First KT/repeat transplant
Type of donor (n, %)
Deceased/living
Standard criteria/expanded criteria®

Induction therapy (n, %)

59.7 +12.48
60/44 (55.7/42.3)

Caucasian 90 (86.5)
African/African American 4 (3.8)
Latin American 9(8.7)
Asian 1(1)
Primary end-stage renal disease (n, %):
Nephroangiosclerosis 12 (11.5)
Diabetic nephropathy 17 (16.3)
Glomerulonephritis 30(28.8)
Polycystic kidney disease 13 (12.5)
Other 11 (10.6)
Uncertain 21(20.2)
Comorbidities (n, %)
Diabetes 32(30.8)
Arterial hypertension 90 (86.5)
Obesity 28 (26.9)
Pulmonary disease 16 (15.4)
Heart disease 31(29.8)
Active neoplasm 8(7.7)
Lymphopenia before admission 45 (43.3)
ACEI/ARB use (n, %) 37 (35.6)
Nosocomial COVID-19 infection (n, %) 15 (14.4)
Transplant characteristics
Time after transplant <6 mo (n, %) 15 (14.4)
Time (mo, median, IQR) 59 (18-130)

100/4 (96.2/3.8)
88/16 (84.6/15.4)

90/14 (86.5/13.5)
48/42 (46.1)/ (40.3)

None 11 (10.6)
Rabbit antithymocyte globulin 37 (35.6)
Basiliximab 56 (53.8)
Maintenance therapy (n, %)
TAC use 89 (85.5)
Cyclosporine use 3(2.88)
mTOR inhibitor use 20 (19.28)
MMF/MPA use 87 (83.6)
Prednisone use 96 (92.3)
Basal serum creatinine (umol/L) 158.6 +79.1

(mean = SD)

(Continues)
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TABLE 1 (Continued)

Basal eGFR CKD-EPI (mL/min/1.73 m?) 48.2+£219
(mean £ SD)

Initial clinical symptoms
Cough (n, %) 71 (68.3)
Dyspnea (n, %) 38 (36.5)
Diarrhea (n, %) 32(30.8)
Myalgias (n, %) 34(32.7)
Fever (n, %) 81 (77.9)

Abbreviations: CNI, calcineurin inhibitor; eGFR, estimated glomerular
filtration rate; MMF/MPA, mycophenolate mofetil or mycophenolic
acid; mTOR, mammalian target of rapamycin; TAC, tacrolimus.

Multiorgan transplant: 1 pancreas-kidney and 3 liver-kidney.

PExpanded criteria donor refer to older kidney donors (260 years old)
or donors who are aged 50-59 years and have 2 of the following 3
features: hypertension, terminal serum creatinine >1.5 mg/dL, or death
from cerebrovascular accident.

ARDS before those who were alive at the end of follow-up (mean dif-
ference -1.44 days, P = .04). Patients with ARDS showed 11.4 times
higher death risk than those without ARDS (95% ClI 3.181-41.26,
P < .001). Thirty-two of 58 patients who developed ARDS survived;
among them, the mean time to resolve ARDS was 20.5 (IQR 14.2-
30.7) days. The analysis of clinical and biological characteristics
among patients with or without ARDS is shown in Table 2. By uni-
variate analysis, we found an increased odd for obesity (OR 2.63, 95%
Cl 1.034-6.714, P = .04) and LDH at admission (OR 1.006, 95% Cl
1.001-1.011, P = .01) and a decreased odds for PaFl/Spo, (partial
pressure of oxygen/fraction of inspired oxygen ratio) (OR 0.991, 95%
C1 0.985-0.997, P = .005). No differences were found in terms of age,
type of maintenance immunosuppression use, prevalence of previous
lymphopenia, pulmonary disease, baseline graft function, or AKI for

ARDS. The antiviral therapy did not impact on ARDS outcomes either.

3.2 | Mortality

The overall mortality was 26.9%. All deaths were due to ARDS ex-
cept one that was due to sudden death and another one that oc-
curred after an aspiration pneumonia. We found that age was related
to mortality with an HR of 1.101 (95% Cl 1.057-1.157, P < .001). The
mean age for those who survived was 55 + 11.4 years, and for those
who died, 70.8 + 9.4 years (P < .001) (Table 2). There was also an
increased risk of mortality for patients presenting ARDS at admis-
sion (HR 3.923,95% Cl 1.641-3.942, P = .002), patients with previous
pulmonary disease, increased levels of LDH, CRP, and ferritin, and
low lymphocyte count (Tables 2-4). Other significant differences in
the evolution of analytical parameters between survivors and non-
survivors are shown in Figure 3. In the multivariate Cox regression
model, we found that age, ARDS, and higher baseline LDH were
associated with increased risk of death (Table 4). No differences in
terms of patient survival were found depending on baseline graft

function, time after transplant, presence or absence of AKI, and
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Clinical presentation

ARD

Hypoxia

Pulmonary infiltrates:
Diarrhea

Myalgia

Dyspnea

Cough
Feve

S ® & o &

Percentage

FIGURE 2 Clinical presentation of coronavirus disease
2019 pneumonia. Figure shows proportion of pulmonary and
extrapulmonary manifestations at admission. ARDS, acute
respiratory distress syndrome [Color figure can be viewed at
wileyonlinelibrary.com]

type of maintenance immunosuppression used. None of the antiviral
therapies used had any impact on patient survival.

Mortality was different depending on patient baseline charac-
teristics. Of the total cohort, 23.1% of patients needed to be ad-
mitted to the intensive care unit and 15 of 24 (62.5%) died. Of the
17 patients who were admitted without oxygen requirement and no
x-ray abnormalities, 8 (47%) progressed to ARDS, 4 (23%) needed
ICU admission, 6 (46%) developed AKI, and 1 patient (5.9%) died.
Of these 17 patients, those eventually requiring ICU admission pre-
sented a significant rapid increase in their CRP levels until day 6
after admission, unlike patients who did not need ICU admission
(Figure S1). Furthermore, patients with COVID-19 nosocomial infec-
tion had a high mortality rate of 57.14% (8/14) (Table S1).

3.3 | Acute kidney injury

AKl was present in 47% of the included cohort (Table 5). Four patients
were excluded from this analysis. The majority of patients presented
with AKI stage 1 (30%). No differences in terms of age or antiviral
use were found. Interestingly, AKI stage 3 presented a higher median
tacrolimus through levels compared with other AKI stage patients
(P <.001). Mortality was higher in AKI stage 3 patients compared with
the rest of the cohort (P < .05), although in Cox regression analysis, the
presence of AKI at any stage or AKI stage 3 compared to no AKI was
not a risk factor associated with death or ARDS. There were no acute

graft rejection episodes during the follow-up.
3.4 | Immunosuppression, other treatments, and
safety endpoints

At least 1 immunosuppressive drug was withdrawn in 91.3% of pa-

tients (Table S2). Intravenous steroid treatment (methylprednisolone

0.5-1 mg/kg/d) was used in 52.9% of cases. CNI withdrawal was
higher in patients who developed ARDS (P = .018), as well as in
patients taking an mTOR inhibitors (P = .028). We did not find any
relationship between type of immunosuppression modification and
mortality.

Regarding anti-COVID-19 therapies, different drugs were used
(Figure 4A). Hydroxychloroquine was given to 97.1% and lopinavir/
ritonavir to 48.1% of patients. Azythromycin was used in 63.5% of
patients. None of these strategies showed any impact on mortality
or ARDS, except interferon-fla or tocilizumab, which were associ-
ated with worse outcomes for ARDS (Table S2). Importantly, these
investigational treatments were related to 28.8% incidence of ad-
verse effects such as hepatitis (20.2%), tacrolimus toxicity (14.4%),
QT prolongation (observed in 5 patients), or gastrointestinal (12.5%)
(Figure 4B).

4 | DISCUSSION

In early 2020, Spain emerged as one of the most affected coun-
tries by the COVID-19 pandemic.'? This situation forced the dis-
continuation of many transplant programs worldwide.*® Transplant
units faced a significant number of infected recipients without
evidence-based strategies and many uncertainties regarding the
clinical course and prognosis of this novel infection. Here, we re-
port the clinical characteristics and risk factors associated with
the development of ARDS and death in a cohort of 104 consecu-
tive kidney transplant patients hospitalized for COVID-19 infec-
tion in 5 different Spanish centers.

In agreement with previous reports of an immunocompetent in-
fected population, the most common symptom reported at admis-
sion was fever,® although one-third of patients were admitted with
gastrointestinal complaints, as already described in other transplant
reports.'* X-ray abnormalities preceded hypoxemia onset, which
accounts for the natural history of pulmonary involvement on the
general population.*

ARDS is considered a severe form of COVID-19 infection and
entails greater mortality risk,? which was also confirmed in our co-
hort. Half of our COVID-19 cohort progressed to ARDS, and 50% of
them had a fatal outcome. Recently, case report series of in-hospital
kidney and other solid organ transplants described similar ARDS in-
cidence.}*® Early observations among hospitalized general popu-
lation reported a 41.8% ARDS incidence,? which is in line with our
results with KTs. However, in our cohort no age differences were
described among patients with and without ARDS, contrary to im-
munocompetent published cohorts.?

It has been suggested that KTs encompass a susceptible
group for aggressive manifestations of COVID-19 infection”*
due to the ongoing immunosuppression. In our current study, we
report an overall mortality rate of 26.9% in consonance with re-
cent reports on kidney and other solid organ transplant patients
showing similar fatality rates, ranging from 6% to 30%.”941¢

General population fatality rates were initially described as



Document signat digitalment per: ALEXANDRE FAVA BUCH

FAVA ET AL. AJ,lI, 3035
TABLE 2 Main clinical characteristics associated with patient death and acute respiratory disease distress syndrome
Mortality ARDS
Alive (n = 76) Death (n = 28) P-value No (n=47) ARDS (n =57) P-value
Clinical characteristics
Age (y, mean + SD) 55+11.4 70.8+9.4 <.001 57.8+12.4 61.3+13.2 16
Sex (n, %): female/male 31/45(40.8/59.2) 13/15(46.4/53.6) .60 21/26 (40.7/55.3) 23/34 (40.4/59.6) .65
Race (n, %): Caucasian/other  64/12(84.2/15.8) 27/1(96.4/3.6) 17 40/7 (85.1/14.9) 51/6 (89.5/ 10.5) .5
Comorbidities (n, %)
Hypertension (n) (no/ACEI/ 10/6/21/38 4/2/8/14 .98 7/5/14/20 7/3/15/32 .51
ARB/other) (13/8/28/50) (14/7/28/50) (15/10/30.4/43.5) (12.3/5.3/23.3/56.1)
Diabetes 21(27) 11 (39) .25 12 (25.5) 20(35.1) .29
Obesity 17 (22.4) 11(39.3) .08 8(17) 20(35.1) .03
Cardiac disease 20(19.4) 11 (39.3) 2 16 (34.8) 15(26.3) .35
Pulmonary disease 6(7.9) 10 (35.7) <.001 5(10.6) 11 (19.3) .28
Active cancer 3(3.9) 5(17.9) .03 3(6.4) 5(8.8) .64
Lymphopenia before 31 (41.3) 14 (50) 43 22 (47.8) 23 (44.4) 44
admission
Days from symptoms onset 7 (3-10) 6 (4-10) .76 7 (3-10) 6 (4-10.7) 77
to admission (median,
IQR)*
Initial symptoms (n, %)
Fever 60 (78.9) 21 (75) .66 39 (83.1) 42 (73.7) 3
Cough 52 (68.4) 19 (67.9) .95 30 (63.8) 41 (71.9) .29
Dyspnea 21 (27.6) 17 (60.7) .002 9 (19) 29 (50.9) <.001
Myalgia 25 (32.9) 9(31.1) 94 14 (29.8) 20(35.1) .56
Diarrhea 22 (28.9) 10 (35.7) .50 12 (25.5) 20 (35.1) .29
Nosocomial COVID-19 6(7.9) 8(28.6) .01 6(12.8) 9(15.8) .66
infection (n, %)
Initial Spo, (%, mean + SD) 96.4+2.4 94.8+3.6 12 96.6 +2.2 95.3+3.3 .03
Initial Spo,/Fio, (mean + SD)  407.3 + 97.3 353.2+123.4 .03 432.1+76.6 357.4 £ 118.5 .001
Any radiography infiltrate 53(69.7) 23(82.1) .23 33(70.2) 43 (75.4) .55
initially (n, %)
Transplant characteristics
Type of transplant (n, %)
First kidney transplant 65 (85.5) 23(82.1) 76 41 (87.2) 47 (82.5) .50
Type of donor (n, %)
Cadaveric 62 (81.6) 28 (100) .01 37(78.7) 53(93) .04
ECD 22(37.9) 16 (66.7) .02 13(35.1) 25 (55.6) .06
Induction therapy (n, %)
None 8(10.5) 3(10.7) .88 4(8.5) 7(12.3) 73
rATG 26 (34.2) 11 (39.3) 16 (34) 21 (36.8)
Basiliximab 42 (55.3) 14 (50) 27 (57.4) 29 (50.9)
Maintenance therapy (n, %)
TAC use 66 (86.8) 23(82.1) .54 40 (85.1) 49 (86) 9
mTORi use 22 (21.6) 4(3.9) 19 15(31.9) 11 (20) 1
MMF/MPA use 61 (80.3) 26(92.9) 14 38(80.9) 49 (86) 48
Prednisone use 71(93.4) 24 (85.7) 21 44 (93.6) 51(89.5) 4

(Continues)
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Mortality ARDS
Alive (n = 76) Death (n = 28) P-value No (n=47) ARDS (n =57) P-value
Time after transplant
<6 mo (n, %) 6(11.8) 6(21.4) .21 5(10.6) 10 (17.5) .40
Time (mo, median, IQR) 56.5(20-130.5) 71.6 (6-135) .8 65 (24-133) 57 (12.5-127) .33

Abbreviations: ARDS, acute respiratory distress syndrome; Cl, confidence interval; Fio,, fraction of inspired oxygen; MMF/MPA, mycophenolate
mofetil or mycophenolic acid; mTORi, mammalian target of rapamycin inhibitors; rATG, rabbit antithymocyte globulin; SD, standard deviation; Spo,,
blood oxygen saturation measured by pulse oximetry; TAC, tacrolimus.

*Those who were hospitalized because of other reasons were excluded from the analysis.

TABLE 3 Laboratory findings at the time of hospital admission among patient deaths and patients with or without acute respiratory

disease distress syndrome

No. of
patients
tested
Basal laboratory findings
Basal serum creatinine 95

(umol/L, mean = SD)

Basal eGFR (mL/min/1.73 m?, 95
mean = SD)

Initial laboratory findings

Serum creatinine (umol/L, 95
median, IQR)

CK (IU/mL, median, IQR) 32

White blood cells 103
(x10%/cmm, mean + SD)

Hemoglobin (g/dL) 103

Platelets (x10%/cmm) 103

Lymphocytes (cells/mm, 103
median, IQR)

D-dimer (ng/mL, median, 78
IQR)

ALT (IU/mL, median, IQR) 94
LDH (IU/mL, median, IQR) 89
CRP (mg/L, median, IQR) 101

Serum ferritin (pg/L, median, 62
IQR)

Mortality ARDS
Alive (n = 76) Death (n = 28) P-value No (n=47) Yes (n = 57) P-value
152.8 +77 170.5 + 86 .35 159.4 +74.2 155.1 +85.2 84
50+ 19.8 48.3 £23.5 45 47.7 £ 23 48.9 + 20 .57
160 (120-221.2) 202 (143-164) .08 167 (104-232) 164.5 (124.5-164.5) 67
59 (38.7-169.5) 49.5(31.7-129.5) .54 50 (30-169) 59 (38-140) 77
6+2.6 6.9 +3.4 .18 55+2.4 6.8+3.2 .032
12.2 +1.94 11.5+2.0 A 121 +£1.9 12.0+2.0 97
172 + 68 186 £ 75 .39 168 + 64 182+ 73 .32
680 (400-1000) 560 (325-711) 14 690 (400-910) 600 (400-1000) .68
574 (324-1081) 850 (610-2599) .004 606.5 626.5(424.2-1375.7) .25
(288-1337.5)
23.5(15-35.5) 18.5 (11.5-27.5) .06 21 (16-31) 22 (13-39) 73
257 (212-332) 358.5(258-522.5) .001 255 (203-317.5) 278.5(242.2-448.2) .007
56 (27.3-132) 114-2 (62.5-199.5) .006 62.8(22.5-114.8) 87 (44.5-153.7) .07
559.5 1030 (350.5-1952) .13 478 (301.7-932) 631 (330.5-1140) 47

(301.7-812.7)

Abbreviations: ARDS, acute respiratory distress syndrome; Cl, confidence interval; CK, creatinine kinase; eGFR, estimated glomerular filtration rate
measured by CKD-EPI; LDH, lactate dehydrogenase; cmm, per cubic millimeter of whole blood; CRP, C-reactive protein.

2.3% in China,!” whereas in Spain, it has reached around 10%.1?
It should be emphasized, though, that these figures relate to
both hospitalized and nonhospitalized infected patients. Hence,
since published kidney transplant cohorts are mainly composed
of hospitalized individuals, these comparisons might be inaccu-
rate. Furthermore, admission criteria are likely to differ between
solid organ recipients and the general population (in fact, 16%
of our patients were admitted without pneumonia or hypoxia

in our cohort). Nonetheless, recently accepted for publication

OpenSAFELY trial suggests a higher HR for mortality among solid
organ recipients.18

In terms of AKI, nearly half of our patients developed renal
dysfunction, according to recently published kidney transplant
cohorts.*>* AKI occurrence in general population studies ranges
from 5% to 10%2%?!; therefore, KTs entail a group of risk for this
complication.

The etiology of AKI in patients with COVID-19 remains elusive,

and several conditions might act as major contributors, beyond the
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TABLE 4 Risk factors associated with

Univariate HR Multivariate HR mortality in kidney transplant patients
(95% Cl) P-value (95% Cl) P-value hospitalized for COVID-19
Age 1.101 (1.057-1.157) <.001 1.103(1.048-1.162) <.001
ARDS day 0 3.923 (1.641-3.942) .002 2.091(1.031-8.233) .044
Pulmonary 2.891(1.311-6.392) .009 1.544 (0.592-4.026) .375
disease
LDH day 0 1.004 (1.002-1.006) <.001 1.003 (1-1.005) .024
Day 3 1.003 (1.000-1.006) .016
Day 9 1.002 (1.000-1.004) .03
Day 15 1.004 (1.000-1.007) .026
CRP day 0 1.003 (1.002-1.005) <.001 -
Ferritin day O 1.001 (1.000-1.001) .056 —
Lymphocytes
Day 6 0.998 (0.996-1) .018 -
Day 9 0.997 (0.995-0.999) .007
Day 12 0.997 (0.995-0.999) .014

Note: Adjusted and nonsignificant for sex; race; repeat transplant; induction therapy; maintenance
immunosuppression without mTOR inhibitors; heart disease; AKI stage 3 vs others; AKI 2 and

3 stages vs others; hypertension; use of ACEi/ARB; diabetes; obesity; basal lymphopenia;
lymphocyte days 0, 3, and 15; serum creatinine; white blood cells; hemoglobin; D-dimer; ALT;
LDH days 6-12; ferritin rest of the days; platelets; tacrolimus levels; diarrhea at admission; fever at
admission; cough at admission; myalgia at admission; anticoagulation; time after transplant; days

from symptoms onset to admission; nosocomial infection.

Abbreviations: ARDS, acute respiratory distress syndrome; CRP, C-reactive protein; Cl, confidence

interval; LDH, lactate dehydrogenase; HR, hazard ratio.

virus in itself.22

As a matter of fact, AKI severity was related to tacroli-
mus trough levels, especially in those with the most severe disfunction
(AKI stage 3). No relationship was found between COVID-19 sever-
ity and AKI in our cohort, and no associations with mortality were
identified.

A relevant concern derived from SARS-CoV-2 transmissibility is
the presymptomatic disease stage,? thereby resulting in health care
professionals’ contagion and nosocomial patient infection. Fourteen
patients were infected within our facilities, with 8 deaths in this
group. Most nosocomial infections occurred at the beginning of the
pandemic, and all these patients were admitted before the implemen-
tation of measures of isolation. Taking into account the inherent lim-
itations of this sample size, these outcomes might be explained by the
intrinsic morbidity associated with the ongoing admission in itself.2
It is of utmost importance to assess the benefits and potential con-
sequences of admission amid this pandemic, which have become one
of the reasons for decreased transplant activity in our country in the
past months.3

The vast majority of our patients had at least 1 of their immu-
nosuppressants withdrawn, in consonance with already published
works.”*® Mycophenolate mofetil was the most frequently with-
drawn medication, regardless of infection severity. In contrast, CNI
and mTOR inhibitors were withheld more frequently in the ARDS
group, restricting this strategy to those patients with severe pulmo-
nary involvement.

Steroid withdrawal was, however, exceptional, and its adminis-

tration as intravenous treatment was used in more than half (52%) of

patients. Our study reports cases detected in the early phase of the
COVID-19 pandemic, when the efficacy of anti-inflammatory thera-
pies such as steroids was speculative. Thus, in our cohort, steroidal
use was mainly reactive to clinical worsening, to ensure immunosup-
pression after CNI, mTOR inhibitor, and antimetabolite withdrawal.
However, recently published results from the RECOVERY trial?®
have shown that dexamethasone use reduced mortality in severe
COVID-19 cases in the general population, which might support, to
some extent, our adopted strategy.

In terms of antiviral treatments, the World Health Organization10
claimed that there is no existing evidence to recommend any treat-
ment in this regard. However, the use of compassionate treat-
ments has become a widespread practice during the pandemic.
Accordingly, a high proportion of our cohort was treated with some
of these drugs (Table S1). We did not find any differences in terms of
outcomes among different treatments, although our study does not
allow, by nature, this type of analysis.

Initial reports suggested that the combination of hydroxychlo-
roquine and azithromycin might provide superior viral clearance
and improved clinical outcomes, despite significant limitations in its
design.% However, one of the major concerns about these thera-
pies combinations is cardiotoxicity.?’ In fact, QT prolongation was
recorded in 5 individuals, of whom 1 had sudden death while pre-
senting with a mildly symptomatic COVID-19 case that was treated
with hydroxychloroquine and azithromycin. Moreover, recently pub-
lished data from large trials show the absence of clinical benefit from

the use of hydroxychloroquine in COVID-19 patients. Because of the
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current available data,?>?8

along with the adverse effects reported
in our cohort, we advise against the use of hydroxychloroquine in
COVID-19 KTs.

On the other hand, more than half of our patients received prote-
ase inhibitors as adjunctive therapy, resulting in 15.7% of tacrolimus
intoxications. Additionally, severe AKI were significantly prevalent
among those patients exhibiting tacrolimus overexposure. Thus,
given the lack of evidence supporting its use?® and the concurrent
risk of the above-mentioned adverse effects, we support the idea
that the use of investigational anti-COVID-19 therapies must be re-
stricted to randomized controlled trials, as it has recently shown in a
randomized controlled trial of remdesivir that resulted in U.S. Food
and Drug Administration approval.?’

At present, there are no available data in terms of risk stratifi-

cation in KTs affected by COVID-19. As aforementioned, significant

rates of COVID-19 progression among patients without pneumonia
nor hypoxemia at admission were observed. Therefore, given the un-
predictable clinical course of this infection, discharge criteria should
differ from the general population at early stages regardless of age,
and a strict follow-up must be provided if an outpatient approach is
agreed on.

Despite this, we were able to identify certainrisk factors for ARDS
and death among KTs. We found that obesity was independently
associated with ARDS. Likewise, in the 2009 HIN1 pandemic, an
association between hospitalization and obesity was described.*°
Interestingly, although we did not identify older age as a risk fac-
tor for ARDS, it was certainly associated with mortality. These data
suggest that ARDS might develop indistinctly among young and old
KTs; however, once it is established, the elderly would be at most

risk for death. Likewise, the preexisting pulmonary disease did not
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TABLE 5 Acute kidney injury stages

(I:C: ?;I E:IK: ;’:;)ge 1 aK__I ;;age 2 E:K__I i:;ge 3 according to KDIGO definition and clinical
outcomes
Age (y, mean + SD) 60.4 £ 13 56.3+13 63.4+10 64+ 11
Tacrolimus levels day 6 5.6(3.3-8.5) 6.6 (4.7-10.1) 10.4 (6.7-22.8)  24.3(16.9-44)"
(ng/mL, median, IQR)?
Antiviral use (n, %) 23(43.4) 18 (60) 3(42.9) 6 (60)
ARDS (n, %) 25 (47.2) 18 (60) 6(85.7) 6 (60)
Death (n, %) 12 (22.6) 6(20) 3(42.9) 6(60)"
Note: Antiviral use included lopinavir/ritonavir-darunavir/ritonavir or darunavir/cobicistat use. Four
patients were excluded from the analysis: 2 with delayed graft function in dialysis after kidney
transplant and 2 because were their basal eGFR was inferior to 10 mL/min before admission (one
pending to start hemodialysis and the other with obstructive AKI due to lymphocele).
Abbreviations: AKI, acute kidney injury; AKI stage 1, rise in serum creatinine 226.5 pmol/L in
48 h or rise 1.5-1.9 times from baseline; AKI stage 2, rise in serum creatinine 2.0-2.9 times from
baseline; AKI stage 3, rise in serum creatinine 3 times from baseline or increase in serum creatinine
to 2353.6 pmol/L or initiation of renal replacement therapy irrespective of serum creatinine; ARDS,
acute respiratory distress syndrome.
Number of patients with data of tacrolimus levels available: no AKI = 20, AKl stage 1 = 18, AKI
stage 2 = 5; AKl stage 3 = 4.
**P <.001 no AKl vs AKl stage 1.
***P < .05 no AKl vs AKl stage 1.
confer additional risk for ARDS development in our cohort, but it A 1001
was associated (in the univariate analysis) with mortality. Il Survivors
Among laboratory markers, our analysis showed that higher LDH o 75 Bl Notsurvivors
levels at admission were associated with increased odds for both g
ARDS and death, which might be useful to identify the KTs at higher g 50
risk from the admission.?’ & 25
We have to acknowledge some limitations in our study. First, our
cohort is not representative of the whole kidney transplant popula- 0
tion, because outpatient individuals were not included. Second, we did g \34\‘ OQ.A\‘ 000\ 0‘}\( {(\;& «0(’\
not consider postdischarge follow-up data; therefore, long-term con- qu\ o8 &
clusions cannot be drawn. On the other hand, biochemical data (CRP,
D-dimer, ferritin) were not available for all established time-points, Treatment
which may undervalue their association with the main outcomes. Last,
our findings might be limited and our results underpowered because 26
of the small sample size. As far as we are concerned, however, this is B 0.2
one of the largest published cohorts of COVID-19 infection of a homo- =
geneous cohort of KTs. Additionally, the exclusive inclusion of patients g
with definite outcomes in our analysis provides more reliable and §
clearer information regarding these population outcomes. g
In conclusion, older age, obesity, and pulmonary disease, along
with high baseline LDH levels at presentation and ARDS, were asso-
ciated with poorer outcomes in KTs affected by COVID-19. Half of
our population developed ARDS, even those without pneumonia at -@'5' o
admission. In terms of pharmacologic strategies, steroids arose as the v qu Adverse effects
most commonly used antirejection drug during the infection, espe-
cially in severe forms, whereas compassionate anti-COVID-19 treat- FIGURE 4 A, Proportion of antiviral therapies use and associated
ments lead to remarkable rates of adverse effects. A larger study adverse effects. Distribution among survivors and nonsurvivors

is shown. B, Associated adverse effects. AR, acute graft rejection;
CNI, calcineurin inhibitor; DRV/r, darunavir/ritonavir; DRV/COBI,
darunavir/cobicistat; Gl, gastrointestinal; HCQ, hydroxychloroquine;
ing the treatment, long-term prognosis, and most suitable strategy in IFN-B, interferon-beta; LPV/r, lopinavir/ritonavir; TOCI, tocilizumab
terms of immunosuppression management in this scenario. [Color figure can be viewed at wileyonlinelibrary.com]

with a longer-term follow-up for COVID-19 transplant recipients

could answer some of the remaining questions, particularly concern-
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Supplementary Figure 1. C-Reactive Protein levels depending on the final need or no need of

Intensive Care Unit admission in patients without need of oxygen or x-ray infiltrates at

admission.
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Supplementary Table 1. Evolution of patients classified as nosocomial Sars-Cov-2 infection

Patient Gender Age KT Date Admission’s date Date Cause of Admission Creat (umol/I
Swab at Swab Date
Sars-Cov-2
1 FEMALE 45 28-Mar-2012 09-Mar-2020 09-apr-2020 Congestive heart failure 205
2 FEMALE 61 18-feb-2020 18-Feb-2020 17-Mar-2020 Kidney transplant DGF*
3x* MALE 70 10-Mar-2020 08-Apr-2020 08-Apr-2020 AKI & COVID-19 660
4 FEMALE 74 09-Feb-2019 09-Apr-2020 14-Apr-2020 Pyelonephritis 123
S¥* MALE 71 25-Feb-2020 25-Feb-2020 1-apr-2020 Kidney Transplant 194
6 FEMALE 77 10-Mar-2020 10-Mar-2020 30-Mar-2020 Kidney Transplant 135
7 FEMALE 72 27-Feb-2020 27-Feb-2020 23-Mar-2020 Kidney transplant DGF*
8** FEMALE 74 04-Feb-2020 18-Mar-2020 28-Mar-2020 AKI & COVID-19 416
g¥* MALE 49 01-Jan-2002 23-Mar-2020 23-Mar-2020 Coronary revascularization 363
10 MALE 64 26-Jun-2012 28-Feb-2020 28-Feb-2020 Non-covid respiratory 126
infection
11 MALE 79 15-Jun-1997 11-Feb-2020 31-Mar-2020 Congestive heart failure 254
12 FEMALE 75 26-Feb-2012 12-Mar-2020 28-Mar-2020 Pyelonephritis 267
(with renal abscess)
13** FEMALE 63 10-Mar-2020 18-Mar-2020 23-Mar-2020 Pyelonephritis 300
14 MALE 75 03-Jul-1996 20-Mar-2020 26-Mar-2020 Pyelonephritis 424

* AKI: Acute Kidney Injury; ARDS: Acute Respiratory Distress Syndrome; DGF: Delayed graft function; KT: kidney transp

**patients 3, 5, 8, 9, 13 were classified as Nosocomial infection since they were discharged from the same Hospital < 2
time to readmission 4 days IQR 3-10)
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Supplementary Table 2. Therapeutic strategies used in patients with fatal outcome and in those

developing acute respiratory disease syndrome (ARDS).

Mortality IARDS
Alive (n=76) [Death (n=28) |p-value |no ARDS p-value
(n=47) |(n=57)
Hydroxychloroquine 74 (97.4) 27 (96.4) 1 45 (95.7) |56 (98.2) [0.44
Azithromycin 46 (60.5) 20 (71.4) 0.30 28 (59.6) [38 (66.7)|0.45
Antiviral treatment
Lopinavir/ritonavir 37 (48.7) 13 (46.4) 0.83 19 (40.4) |31 (54.5)[0.15
Darunavir/Ritonavir 3 (4.2) 0 0.5 1(2.2) 2 (3.8) [0.65
Darunavir/Cobicistat 4 (5.4) 1(3.6) 1 1(2.1) 4(7.3) [0.23
Remdesivir 2 (2.6) 0 1 1(2.1) [1(1.8) |1
Interferon-Beta-1a 5 (6.6) 4 (14.3) 0.24 0 9 (15.8) |0.004
Tocilizumab 25 (32.9) 10 (35.7) 0.78 6(12.8) [29(50.9) <0.001
Changes in immunosuppression
Immunosuppression withdrawal (68 (89.5) 27 (96.4) 0.43 39 (83) [56 0.01
(98.2)
CNI withdrawal 35 (69) 15 (68) 0.61 18 (48.6) |32 (74.4)0.018
mTORi withdrawal 9 (52.9) 3 (100) 0.24 4(36.4) [8(88.9) [0.028
MMF/MPA withdrawal 49 (73.1) 22 (84.6) 0.28 29 (69) 42(82.4)/0.13
Steroid withdrawal 1(1.4) 1(3.7) 0.47 2 (4.5) 0 0.19

*ARDS: Acute Respiratory Distress Syndrome; CNI: calcineurin inhibitor; MMF/MPA: mycophenolate

mofetil or mycophenolic acid; mTORi: mammalian target of rapamycin inhibitor.
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IV. MATHERIALS, METHODS AND RESULTS

Article 2.

SARS-CoV-2-specific serological and functional T cell immune responses during acute

and early COVID-19 convalescence in solid organ transplant patients

Am J Transplant. 2021 Aug;21(8):2749-2761. doi: 10.1111/ajt.16570

Objective:

To characterize the kinetics and magnitude of SARS-CoV-2 specific adaptive immune
responses at the T-cell and serological immune compartments, among SOT patients
hospitalized due to COVID-19 and compare them to those exhibited by a matched group

of immunocompetent patients.
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1 | INTRODUCTION

A novel coronavirus, designated as SARS-CoV-2, emerged in Wuhan,
China, at the end of 2019 and has spread all over the globe in a log-
arithmic manner. The increasing number of fatal outcomes related
to the Coronavirus Disease-2019 (COVID-19) has put global health
institutions on high alert.

While most people remain asymptomatic or develop only mild
symptoms during COVID-19,%? some specific group of patients seem
to be at significantly higher risk of fatal outcomes,® and among them
recipients of solid organ transplants (SOT) most likely because they
receive chronic immunosuppressive therapy that predominantly tar-
gets T cell adaptive immunity.* Importantly, SOT patients represent
an important prevalent high-risk population in whom the biology of
the adaptive immunity specific to SARS-CoV-2 during COVID-19 has
not yet been thoroughly investigated.

First studies evaluating immunocompetent (IC) convalescent in-
dividuals have shown the induction of neutralizing antibodies after
primary infection®® which seem to be detectable essentially among
patients with more severe forms of COVID-19.210 Conversely, robust
anti-viral T cell responses have been described after SARS-CoV-2
infection, which seem to correlate with the magnitude of SARS-CoV-
2-specific 1gG and IgA titers during the initial phase of convales-
cence'! and with the severity of COVID-19 infection.'? Interestingly,
SARS-CoV-2-reactive T cell immunity seems to last for a longer pe-
riod of time, even among seronegative convalescent patients13 and
can discriminate those patients with the poorest outcomes.'

In this study, we aimed at investigating the IgM and IgG serolog-
ical antibody responses as well as the SARS-CoV-2-reactive T cell
responses against main four different structural viral proteins, Spike
(S), Nucleocapsid (N), Membrane (M), and Envelope (E), in SOT recip-
ients as compared to matched hospitalized IC healthy individuals due
to COVID-19, both at the time of the acute infection phase and over
the convalescent clinical course after infection, in order to provide
mechanistic insights that could explain the recent epidemiological ob-
servations of a higher risk of poorer outcomes in SOT as compared to
IC-infected patients.

IgG titers, and a trend toward decreased SARS-CoV-2-reactive T cell frequencies, es-
pecially against the membrane protein (7 [0-34] vs. 113 [15-245], p = .011, 2 [0-9]
vs. 45 [5-74], p = .009, and 0 [0-2] vs. 13 [1-24], p = .020, IFN-y, IL-2, and IFN-y/IL-2
spots, respectively). In summary, our data suggest that despite a certain initial delay,
SOT population achieve comparable functional immune responses than the general
population after moderate/severe COVID-19.

adaptive immunity, basic (laboratory) research / science, clinical research / practice, COVID-19
infection, heart transplantation / cardiology, infection and infectious agents, kidney
transplantation / nephrology, liver transplantation / hepatology, solid organ transplantation, T

2 | MATERIAL AND METHODS
2.1 | Patients of the study and clinical definitions

In this study, we evaluated 44 consecutive patients hospitalized be-
tween March 15 and April 18, 2020, at Bellvitge University Hospital
(Barcelona, Spain) and Montpellier University Hospital (Montpellier,
France) due to COVID-19 infection, and in whom peripheral blood
mononuclear cells (PBMCs) and serum samples were available. All
patients had been tested positive for SARS-CoV-2 infection by a
RT-PCR analysis on nasopharyngeal swab samples. Among these
44 patients, 28 were SOT recipients and 16 IC patients, who were
matched for age, gender, and severity of COVID-19 at study inclu-
sion (Figure 1; Table 1).

A total of 113 serially collected peripheral blood samples at
three different time points of the disease were analyzed in this
study—during the acute phase of infection (T1; median 16, IQR 12-
19 days after symptom onset) and at two convalescence periods
(T2; median 32, IQR 25-37 days, and T3; 49 days, IQR 43-53), which
represented a median of 7 days, IQR 4-11 and 23 days, IQR 20-27
and 40 days, and IQR 37-44, after first positive PCR, respectively.

Additionally, PBMC samples from 16 non-immunosuppressed pa-
tients on the waiting list for kidney transplantation that were obtained
2 years before the COVID-19 outbreak (November 2018) and were
stored in our biobank facilities were used as healthy controls (HC).

All clinical, demographic, and immunological patient charac-
teristics as well as the main outcomes, such as mortality, or the
need of invasive/non-invasive mechanical ventilation (MV) were
recorded. COVID-19 disease severity was defined according to
the level of oxygen support during hospitalization according to
the World Health Organization interim guidance to define Acute
Respiratory Distress Syndrome (bilateral opacities not explained
by volume overload with an oxygen saturation/fraction of inspired
oxygen ratio <315).%

The study was approved by the Ethical Review Boards (PR115/20)
at each center and patients were recruited in the study after provid-

ing a signed informed consent.



Document signat digitalment per: ALEXANDRE FAVA BUCH

FAVA ET AL.

AT | 2751
| COVID-19 INFECTION HEALTHY
| Noavailable | r CONTROLS
| i el | SOLID ORGAN TRANSPLANT | | IMMUNOCOMPETENT e
Setet N=28 N=16
! l
| =26 | o= 16 |
|-->{ 6 deaths | |
| =" N —S T
! | e
| =22 | | =15 F-+> [ No avtable samples (n=1 |

FIGURE 1 Flowchart of the study

2.2 | Collection and management of serum and
PBMC samples

Detailed description is depicted in Data S1.

2.3 | Assessment of SARS-CoV-2-
specific antibodies

IgM and IgG antibodies against SARS-CoV-2 were detected by a
chemiluminescence technique, using the MaglumiTM 2019 nCov-
IgM and the MaglumiTM 2019 nCov-IgG tests (Snibe Diagnostic)
on a Maglumi 2000® analyzer (Snibe Diagnostic), according to the
manufacturer's instructions. Detailed information is provided in
Data S1.

2.4 | Assessment of cytokine-producing SARS-
CoV-2-reactive T cell responses

SARS-CoV-2-reactive T cell responses were evaluated using a
multicolor FluoroSpot Immune assay kit (AID® Gmbh). Distinct
cytokine-producing T cell frequencies were assessed: effector
(IFN-v), proliferative (IL-2) and central (IFN-y/IL-2) memory Th1 re-
sponses, IL-5 and IL-21 Th2 responses, and IL-6 pro-inflammatory
T cell responses. The main four structural SARS-CoV-2 proteins,
Spike Glycoprotein (S), Membrane Protein (M), Nucleoprotein (N),
and Envelope Small Membrane Protein (E) (JPT®), were used for
stimulation in the multicolor FluoroSpot Immune assay individually.
Overlapping peptide pools covering the whole Influenza virus anti-
gen length (AID® Gmbh) were also tested. In each test, complete
medium alone and Pokeweed (PWM) mitogen were used as negative
and positive controls, respectively. Any antigen-specific ELISPOT
test with less than 5 spots/2 x 10° PBMC was considered as nega-
tive when assessed in a qualitative manner. Precise information is
provided in Data S1.

2.5 | Statistics

Continuous variables were expressed as mean +SD or median and
IQR and categorical variables as number of total (n) and percentage
(%). A comparison between groups was performed using Pearson's
x? test for categorical data. Continuous measurements were com-
pared among groups using Kruskal-Wallis and Mann-Whitney U test
for non-normally distributed data, while ANOVA and t tests were
used when data were normally distributed. p-values <.05 were con-
sidered statistically significant. SARS-CoV-2-reactive cellular and
humoral responses were centered and scaled and heatmap was built
by means of the pheatmap R package 16 using Euclidean distance
and complete method as agglomeration method. R package version
1.0.12 was used https://CRAN.R-project.org/package=pheatmap.
All other analyses were performed using SPSS version 26 software,
and graphs were generated using GraphPad Prism version 8.0 soft-
ware (GraphPad Software).

3 | RESULTS

3.1 | Patients of the study

Forty-four hospitalized patients with COVID-19 disease confirmed
by reverse transcriptase-polymerase chain reaction (RT-PCR) were
included: 28 SOT recipients and 16 IC patients. Eighteen (64.3%)
kidney, five (17.9%) heart, and five (17.9%) liver transplants com-
posed the SOT group, with a median time after transplantation of
9 + 7 years (IQR 3-14) and were receiving a calcineurin inhibitor
(CNI)-based immunosuppressant scheme (67.9%). Also, 16 individu-
als in whom PBMC samples were retrieved and stored at our biobank
facilities in 2018 were included in the study (Figure 1).

Main clinical, demographic, and immunological characteristics
are depicted in Table 1. As shown, SOT and IC patients of the study
were matched for age, sex, and main comorbidities, but IC patients
were less diabetic. The degree of COVID-19 severity and time of
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TABLE 1 Demographic and clinical characteristics of patients infected by SARS-CoV-2
SOT IC HC
(N =28) (N =16) (n=16) P value
Age (years, mean + SD) 59.4 +13.6 594 +11.3 63.4+10 0.531
Sex (Female) (n, %) 7 (25) 7 (44) 5(31.3) 0.437
Comorbidities (n, %)
Diabetes 11 (39.3) 1(6.3) N/A 0.032
Arterial hypertension 19 (67.9) 6(37.5) N/A 0.051
Obesity * 6(21.4) 3(18.8) N/A 0.868
Pulmonary disease ” 2(7.1) 2(12.5) N/A 0.614
Heart disease © 6(21.4) 2(12.5) N/A 0.689
Active neoplasm 4 (14.3) 1(6.3) N/A 0.638
ACEi/ARB use 10 (35.7) 2(12.5) N/A 0.116
Previous Influenza vaccine (yes) 22 (78.6) 7 (43.8) 12 (75) 0.082
Clinical symptoms at onset (n, %)
Cough 18 (64.3) 13 (81.3) N/A 0.314
Dyspnea 10 (35.7) 7 (43.8) N/A 0.749
Diarrhea 14 (50) 6(37.5) N/A 0.534
Myalgias 11 (39.3) 7 (43.8) N/A 1.000
Fever 23(82.1) 16 (100) N/A 0.141
Disease severity at enrollment (n, %)
No oxygen therapy needed 5(17.9) 1(6.2) N/A 0.276
Oxygen requirement (NO ARDS) 8(28.6) 6(37.5) N/A 0.738
ARDS 15(53.6) 9(56.3) N/A 1.000
Outcomes at the end of follow-up (n, %)
Death 6(21.4) 0(0) N/A 0.072
MV or Death 9(32.1) 1(6.2) N/A 0.05
Sampling time points (days)
Days from symptom onset to first time-point PBMC 15 (12-20) 17 (10-18) N/A 0.794
collection (median, IQR)
Days from symptom onset to second time-point PBMC 31 (25-40) 32(26-37) N/A 0.711
collection (median, IQR)
Days from symptom onset to third time-point PBMC 48 (42-53) 50 (44-54) N/A 0.225
collection (median, IQR)
Days from positive PCR to first time-point collection 7 (5-12) 6(4-10) N/A 0.15
(median, IQR)
Days from positive PCR to second time-point collection 23 (20-28) 24 (20-26) N/A 0.762
(median, IQR)
Days from positive PCR to third time-point collection 40 (36-44) 41 (38-44) N/A 0.556

(median, IQR)

Abbreviations: ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin Il receptor blocker; ARDS, acute respiratory distress syndrome;
HC, healthy controls; IC, immunocompetent; MV, mechanical ventilation (invasive or non-invasive); PBMC, peripheral blood mononuclear cells; PCR,

polymerase chain reaction; SOT, solid organ transplant.
2Obesity: body mass index >30.

bPulmonary disease: chronic obstructive pulmonary disease, asthma, bronchiectasis, or sleep apnea-hypopnea syndrome.

‘Heart disease: congestive heart failure, coronary artery disease, atrial fibrillation, or valvular heart disease.

assessment were not different between groups. After a follow-up

of 40 days (37-44), six (13.6%) patients passed away, they were all

SOT (three liver, two kidney, and one heart transplant recipient). The

composite outcome depicted as requirement of MV or death did also
occur more frequently among SOT (9 [32.1%] SOT vs. 1 [6.2%] IC;

p = .05). First time-point blood samples were retrieved prior to this

composite outcome.

We further evaluated 16 healthy control (HC) individuals in
whom PBMC samples had been retrieved in 2018, before the SARS-

CoV-2 pandemic, and were also matched for age and gender with the
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other two study groups. As expected, previous influenza vaccina-
tion rate was lower among the IC group (43.8%) as compared to SOT
(78.6%) and HC (75%) groups (p = .082).

3.2 | Circulating lymphocytes and functional
adaptive immunity during acute and convalescent
COVID-19 infection

Our first analysis showed that while both SOT and IC patients dis-
played abnormally low total lymphocyte counts, this lymphopenia
was more pronounced for SOT recipients (866 + 427 vs. 1531 + 490
in IC; p < .001). Total lymphocyte counts in HC were 1564 +427 and
were significantly higher than SOT at T1 (p < .001) (Figure S2).

As shown in Figure 2A and Figure S3A, during acute infection (T1),
SARS-CoV-2-reactive T cell responses against four main viral antigens
were more predominantly detected among IC patients than within
SOT and especially among those with higher severity index. Notably,
no SARS-CoV-2-reactive responses were observed among HC. IgG and
IgM serological immunity against SARS-CoV-2 was detected within
both SOT and IC. At the last convalescent period (T3) (Figure 2B and
Figure S3B), SARS-CoV-2-reactive T cell immune responses were now
detectable within the SOT group while they had faded in IC patients.
Likewise, more predominant IgM responses were observed among
SOT than IC, whereas IgG-specific antibodies were similarly detected.

Conversely, non-SARS-CoV-2-reactive T cell immune responses
against influenza and a polyclonal stimuli (PWM) were significantly
weaker within both SOT and IC as compared to HC at baseline,
which persisted during the convalescence period.

3.3 | SARS-CoV-2-reactive T cell immunity during
acute and early convalescent COVID-19 infection

No correlation was observed between absolute lymphocyte counts
and SARS-CoV-2-reactive T cell frequencies for each antigen-
specific cytokine-producing T cell (IFN-v, IL-2, IFN-y/IL-2, IL-6, IL-21,
and IL-5) at any time point of the study (Table S1).

3.3.1 | SARS-CoV-2-reactive T cell function during
acute COVID-19 infection

A strong correlation was observed between all four SARS-CoV-2 an-
tigen responses (Table S2), showing a wide and different range of T
cell frequencies.

Asillustrated in Figure 3A and described in Table S3, as compared
to IC individuals, SOT displayed numerically lower IFN-y, IL-2, and
IFN-y/IL-2-producing T cell frequencies, although being statistically
significant only for antigen M (7 [0-34] vs. 113 [15-245], p = .011; 2
[0-9] vs. 45 [5-74], p = .009, and 0 [0-2] vs. 13 [1-24], p = .020, for
IFN-y, IL-2, and IFN-y/IL-2 spots in SOT and IC, respectively). A cer-

tain detectable IL-6 stimulation was widely detected in all evaluated

AT | 2753

patients, including HC thus suggesting a general non-antigen-
specific immune response. Notably, IL-21 and IL-5-producing T cells
against SARS-CoV-2 were barely detectable in both SOT and IC pa-
tients at this time point. As also illustrated, the highest frequencies
were observed for T cells only producing IFN-y, whereas the lowest
for those polyfunctional IFN-y/IL-2-producing T cells.

While IC patients showed similarly high T cell immune responses
against both antigens S and M, the highest immune response among
SOT was only against antigen S. Of note, T cell responses against an-
tigen E were barely detectable in all infected patients (Figure S4A).

As illustrated in Figure S5A, a higher proportion of SARS-CoV-2
T cell non-responders was observed among SOT as compared to IC,

and especially those IFN-y/IL-2-producing T cells.

3.3.2 | Progression of SARS-CoV-2-reactive T cell
immunity during COVID-19 convalescence

We next sequentially monitored these patients at two consecutive
time points during convalescence periods: at T2; 32 (IQR 25-37) and
T3; 49 (IQR 43-53) days after symptom onset, which represents a
median of 11 (IQR 3-16) and 27 (IQR 22-30) days after discharge,
respectively. Similar to T1, a strong correlation of T cell responses
was observed between the different SARS-CoV-2 antigens at both
time points (Tables S4-S5).

Unlike during acute infection, there were in general no longer differ-
ences between SOT and IC regarding the distinct SARS-CoV-2-reactive
T cell responses (Figure 3B; Tables S6-57). However, at T3, while no
statistically significant differences were noted between groups, nu-
merically higher SARS-CoV-2-reactive T cell responses in SOT as com-
pared to IC patients were observed, and particularly against antigen
S for IL-2 and IL-21 (425 [242-606] vs. 181 [58-289], p = .07 and 107
[86-212] vs. 10 [2-83], p = .025, respectively) (Figure 3C). Similarly, as
during the acute infection phase, while the strongest T cell responses
among IC were driven against SARS-CoV-2 antigens S and M, the pre-
dominant T cell response among SOT was against antigen S but not to
antigen M (Figure S4B,C). Also, almost no detectable T cell responses
were observed against SARS-CoV-2 antigen E. As also illustrated in
Figures S5B,C, now at T2 and T3, the great majority of both SOT and
IC patients showed detectable SARS-CoV-2-reactive T cell frequencies.

To examine the kinetics of SARS-CoV-2-reactive T cell responses
over time in the two groups, we assessed the global SARS-CoV-2-
reactive T cell immune responses by means of the median T cell fre-
quencies against the three main immunogenic antigens (S, M, and N)
in each patient and at each time point. As shown in Figure 4, both SOT
and IC developed a rapid increase of global SARS-CoV-2-reactive T
cell responses until T3. Notably, these functional changes were more
evident among SOT as compared to IC patients, which fundamentally
occurred between T1 and T2. As previously described at the single
antigen level, SOT displayed weaker global SARS-CoV-2-reactive T
cell frequencies at baseline than IC patients (11 [1-42] vs. 90 [26-143]
spots, p =.003 and; 6 [0-15] vs. 30 [4-60] spots, p =.049; 1 [0-2] vs.
9 [0-16], p = .050; for IFN-v, IL-2, and IFN-y/IL-2, respectively).
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FIGURE 2 Heatmaps generated by hierarchical clustering of SARS-CoV-2-specific and non-specific immune responses for SOT, IC
patients, and HC, according to the COVID-19 disease severity (O = no oxygen need; 1 = oxygen need; 2 = acute respiratory distress
syndrome, 3 = death). Immune responses used for clustering were differentially expressed (fold change >2, false discovery rate p < .05). Gray
fields indicate missing values. (A) Heatmap performed at first time point during acute COVID-19 infection (7; 4-11 days after the diagnosis)
among 26 SOT, 16 IC, and 16 HC. (B). Heatmap performed during the early convalescent period (40; 37-44 days after the diagnosis) of
COVID-19 disease in 22 SOT, 15 IC, and 16 HC [Color figure can be viewed at wileyonlinelibrary.com]

3.4 | SARS-CoV-2-specific serological immunity in
SOT and IC with severe COVID-19

All infected patients showed detectable SARS-CoV-2-specific
IgM titers at baseline (Figure 5A) and remained detectable in the
following two time points. Conversely, while all 16 IC patients
showed detectable virus-specific IgG titers already at T1, 6/26
(23%) SOT did not (p = .044). All SOT seroconverted at T2 and
remained positive until T3. Nevertheless, while no differences
were observed regarding quantitative IgG titers between the two
groups at any time point, IgM titers, albeit detectable, seemed to
be cleared from the circulation much faster among IC than in SOT
over time (Figure 5B). Indeed, at T2 and T3, IC showed signifi-
cantly lower IgM titers than SOT patients (1.6 [0.75-3.1] vs. 5.3
[3.7-7.7] UA/ml, p = .001 at T2 and 0.8 [0.6-1.6] vs. 3.5 [1.9-5.3]
UA/ml; p <.001 at T3).

Of note, patients without IgG class-switch seroconversion dis-
played lower SARS-CoV-2-reactive IL-2-producing T cell frequencies
against antigens S and M than patients with 1gG serology (6 [1-9]
vs. 28 [4-98], p = .073 and 1 [0-5] vs. 7 [2-63], p = .067 for IL-2-
producing T cells against antigens S and M, respectively).

3.5 | T cellimmunity against influenza and
polyclonal stimulation during COVID-19

To investigate the degree of general immune impairment in patients
developing moderate/severe COVID-19 infection, we assessed
non-SARS-CoV-2-reactive T cell responses to influenza peptides
and to a strong polyclonal T cell stimulation with PWM. To note,
a correlation was found between these antigens, mainly for IFN-
y-producing T cells at the two first time points of evaluation, T1
(r=.403,p =.015) and T2 (r = .403 p = .015). No differences were
observed between SOT and IC patients regarding both influenza
and PWM T cell responses at any time point. Remarkably, both SOT
and IC individuals displayed significantly lower IFN-y, IL-2, IFN-y/
IL-2, and IL-21 T cell responses against both stimuli as compared to
HC, which lasted in some cases until T3 (Figure 6), despite signifi-

cant vaccination rates.
3.6 | Baseline SARS-CoV-2-reactive T cell
immunity and clinical outcomes among SOT

In our study, 10 (22.7%) patients required MV or died during the fol-
low-up, being nine SOT. As depicted in Table S8, we did not find any

differences regarding main clinical or demographic within the whole
study population. Likewise, no differences were observed when
analyzing SARS-CoV-2-reactive T cell responses and outcomes (data
not shown). However, and since almost no fatal events occurred
within the IC group in our study, we then focused on the SOT group.
Also, no clinical nor demographical variables discriminated a poorer
clinical evolution. Nevertheless, while no differences were observed
regarding most SARS-CoV-2-reactive T cell responses, SOT with the
poorest outcomes displayed lower IL-2-producing T cell frequencies
against main three immunogenic SARS-CoV-2 antigens as compared
to those with better clinical results (0 [0-3] vs. 10 [4-60] p = .003;
6 [0-13] vs. 28 [4-110] p = .085; and O [0-3] vs. 4 [0-22] p = .075
for antigens N, S, and M, respectively) (Figure 7A). Intriguingly,
the only patient of the IC group who required MV showed robust
IL-2-producing T cell frequencies against the three viral antigens
(Figure 7B). Furthermore, the proportion of IgG seroconversion
was numerically lower among those with worse outcomes (80% vs.
62.5%, p = .245).

In terms of immunosuppression, while mycophenolate was
broadly withdrawn in our cohort (Table S9), no differences were
found between patients with or without CNI-based immunosup-
pressive regimens at T1. Also, no differences were observed at the
successive time points for those patients who had the CNI with-

drawn during the infection phase (data not shown).

4 | DISCUSSION

In this study, we investigated the magnitude and kinetics of adap-
tive immunity, both serological and specific T cell responses to main
four immunogenic SARS-CoV-2 antigens among chronically immu-
nocompromised SOT recipients and compared them to matched IC
individuals developing the same moderate/severe COVID-19 infec-
tion. Here, we show that SOT patients achieve a similarly robust se-
rological and functional T cell immune response comparable to that
of IC patients during early COVID-19 convalescence. Nonetheless,
a certain delay achieving such strong immune responses was ob-
served among SOT, depicted by lower IgG seroconversion rates and
cytokine-producing T cell frequencies, especially against the mem-
brane antigen, as compared to IC patients during the acute infection
onset. Moreover, we also describe that among SOT, those patients
developing the worst clinical outcomes displayed more deprived
SARS-CoV-2-reactive IL-2-producing T cell immune responses as
compared to patients with better clinical results.

A widely reported viral-related effect is the severe peripheral
lymphopenia observed during COVID-19 infection.r”? Indeed, it
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FIGURE 3 Cytokine profile of T cell responses against main structural SARS-CoV-2 proteins Spike (S), Membrane (M), Nucleoprotein (N),

and Envelope (E). Frequencies of IFN-y, IL-2, IFN-y/IL-2, IL-6, IL-5, and IL-21-producing T cells were assessed among the three study group
samples at different time points. *p < .05, calculated with Kruskal-Wallis test. (A) T1 = 16; 12-19 days. (B) T2 = 32; 25-37 days. (C) T3 = 49;

43-53 days after symptom onset [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Global T cell responses specific to SARS-CoV-2 at different time points (median T cell frequencies against the three SARS-
CoV-2 immunogenic antigens: S, M, and N). At T1, N = 42 (SOT = 26, IC = 16); T2, N = 34 (SOT = 22,IC = 12),and T3, N = 37 (SOT = 22,

IC = 15). Median and IQR are shown. Intragroup paired analysis; *p < .05 evaluated with Friedman's test. Significant intergroup differences
(IC vs. SOT) are also shown; **p < .05 (analyzed by Mann-Whitney U test) [Color figure can be viewed at wileyonlinelibrary.com]

was particularly severe among SOT as compared to IC patients, a
finding that would seem to be most likely favored in this group of
patients by the chronic immunosuppressive therapy these patients
follow. However, we did not observe any correlation between total
lymphocyte counts and the different SARS-CoV-2-reactive T cell re-
sponses, thus illustrating the importance of not only measuring total
cell numbers but also their antigen-specific function.

So far, a number of studies have shown the contribution of T cell
immunity specific to SARS-CoV-2 in COVID-19 patients.20 However,
most of them have exclusively focused in patients without previous
underlying immune condition such as SOT, and have not assessed
the magnitude and relevance of different peripheral T cell immune
subsets against the distinct viral antigens both during the acute
infection phase as well as during the convalescence period.!%1321
Herein, we first show that an important proportion of patients,
both SOT and IC, display a wide range of SARS-CoV-2-reactive T

cell responses, already in a very early phase of the disease. Globally,
and as previously reported, main functional T cell responses were
observed against three viral antigens: Spike (S), Membrane (M), and
Nucleocapsid (N),11:2224 bt not against Envelope (E).

Different studies have described the significantly higher risk
of fatal outcomes among SOT developing COVID-19 infection as
compared to healthy population.*?>?” While the main hypothesis
for these poorer outcomes is sustained on their T cell immunocom-
promised status, no evaluation of their anti-viral immune response,
both at the time of acute infection and during convalescence, has
been reported yet. In our study, the lower IFN-y, IL-2, and IFN-vy/IL-2-
producing T cell frequencies against SARS-CoV-2, especially against
antigen M, along with the higher proportion of patients with no de-
tectable SARS-CoV-2-reactive T cell responses and the lower IgG
seroconversion rates at the infection onset in SOT as compared to IC

patients, suggest a certain delay of SOT to achieve a similarly robust
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initial adaptive immune response than IC patients, most likely due
to their chronic immunosuppressive therapy. Nonetheless, a rapid
increase of such adaptive T cell immunity, similar to that of IC, is
achieved by SOT during early COVID-19 convalescence.

Interestingly, a progressive emergence of both IL-5- and IL-21-
producing T cells was detected during the convalescent period in
both groups. Although we did not phenotypically characterize these
immune cells due to the lack of viable cell samples, these data sug-
gest the fact that for an optimal B-cell activation, cognate T cell
help, most likely through antigen-specific follicular helper T cells,
is needed.?!

As similarly described in a recent published report,?® we did
not find any specific clinical, demographic, or immunological fac-
tors influencing worse clinical outcomes within the whole study
group. Nonetheless, among the SOT group, significantly lower IL-
2-producing T cell frequencies were observed in patients with the
poorest clinical evolution. Conversely, the sole IC patient also need-
ing MV support exhibited significantly more robust IL-2-specific T
cell responses than SOT with the same severe outcome, a finding in
line with a recent report ** suggesting that patients with advanced
age and higher comorbidity index showed higher IL-2 but decreasing
portions of IFN-y-secreting cells, in particular against antigen N. This
different biological observation between SOT and IC may most likely
rely in the chronic immunosuppressive effect of transplant immuno-
therapies, which abrogate IL-2 production on T cells.?’

Importantly, SARS-CoV-2-reactive T cell responses and antibody

titers progressively increased over time, during the convalescent

period. Interestingly, this enhancement was more pronounced
among SOT, who reached similar or even higher functional T cell
and serological immune responses than IC patients. Interestingly,
longer SARS-CoV-2 viral shedding has been reported among immu-

nosuppressed patients,3%3?

which might account to some extent
for a longer persistence of antigen stimulation ultimately leading to
higher SARS-CoV-2-reactive T cell frequencies among SOT at later
time points. This is of importance, since these data show that SOT
patients may develop an optimal and sustained adaptive immune re-
sponse, despite receiving chronic immunosuppressive therapy. Thus,
vaccination against SARS-CoV-2 should be highly encouraged also
among this prevalent high-risk population.®?

In line with previous works,3%34

non-specific T cell immune
assessment did also reveal a severe global immune impairment of
moderate/severe COVID-19, which was similarly depressed both
in SOT and IC patients. Indeed, influenza and PWM-derived T cell
responses were significantly abrogated at the acute phase of the
infection, displaying a progressive restoration over time. In fact,
influenza-specific memory T cell responses did not reach the same
frequencies as those observed among healthy controls at the end
of the follow-up, thus highlighting that recovery of adaptive immu-
nity in some individuals was not fully achieved yet. These results
underscore the difference between inflammation and adaptive im-
munity, which may raise concern about the hypothesis of potential
therapeutic effects of some immunosuppressive agents, such as cy-
closporine, aiming at reducing systemic inflammatory state in these

patients.sS'36
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FIGURE 6 T cell responses against non-specific SARS-CoV-2 antigens (influenza and PWM) at the different time points of study. Percentile
5-95 represented by whiskers; median and IQR inside the boxes. Intragroup paired analysis; *p < .05 evaluated with Friedman's test. Significant
differences with healthy controls are shown by **p < .05 (analyzed by Mann-Whitney U test). No differences were found between IC and SOT
[Color figure can be viewed at wileyonlinelibrary.com]

Finally, we did not find SARS-CoV-2-reactive T cell responses cells. Although previous reports have shown a predominant role of
against any of the four viral antigens in any HC thus, no evidence for SARS-CoV-2-reactive CD4+ T cells, CD8+ T cells do also account for
T cell immune cross-reactivity was observed in out cohort, at least a robust anti-viral T cell immunity.*!
in vitro. Despite the presence of IL-6-producing T cell responses In summary, this study describes that despite the strong gen-
against SARS-CoV-2 in HC suggesting unspecific T cell stimulation, eral immune impairment occurring in patients with severe acute
the assessment of SARS-CoV-2-reactive IL-6-producing T cell fre- COVID-19 infection, SARS-CoV-2 elicits robust adaptive immune
quencies over time showed a similar pattern than that also observed responses also in SOT recipients, both at the cellular and hu-
in other T cell compartments. moral level, although with a certain functional immune delay as

There are some limitations in this study such as the small sam- compared to IC individuals. Notably, the robust immune response
ple size evaluated, which was directly influenced by the difficulty against the virus during convalescence strongly supports the need
in obtaining biological samples during acute COVID-19 infection. of active immunization with the up-coming vaccines also in SOT
While our FluoroSpot assay allowed us to investigate in a functional patients.

manner the frequencies of different cytokine-producing T cells re-
active to distinct SARS-CoV-2 antigens at single cell level, we could ACKNOWLEDGMENTS
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SUPPLEMENTARY MATERIAL

1 - Supplementary methods

1.1- Collection and management of Serum and PBMC samples

PBMCs were isolated from patient’s peripheral blood by Ficoll density gradient
centrifugation and subsequently frozen in liquid nitrogen until their use in functional

analyses. Serum was isolated by centrifugation and samples were stored at -20°C.

1.2 - Assessment of SARS-CoV-2-specific antibodies

Briefly, 10uL of serum were automatically diluted at 1:19 and incubated in the appropriate
buffer with magnetic microbeads covered with anti-human IgM or recombinant 2019
nCov antigens, respectively, in order to form immune complexes. After precipitation in a
magnetic field and washing, ABEI-stained recombinant 2019 nCov antigen or anti-
human IgG were added to the samples, respectively. After a second magnetic separation
and washing steps, the appropriate reagents were added to initiate a chemiluminescence
reaction. At baseline (T1), 26 SOT and all 16 IC were assessed. At the second time point
(T2), 22 SOT and 12 IC could be evaluated and at the last time point (T3), 22 SOT and

15 IC were assessed.

1.3- Assessment of polyfunctional SARS-CoV-2-specific T-cell responses

At baseline (T1), 26 SOT and all 16 IC were assessed. At the second time point (T2), 22
SOT and 12 IC were evaluated and at the last time point (T3), 22 SOT and 15 IC were

assessed. 16 HC were evaluated for all the different stimuli.

Briefly, 2x10° PBMCs (in 100 ul) were stimulated with the peptides for 24 hours for IFN-
Y, IL-2, IFN-y/IL-2, IL-6 and 48 hours for IL-5 and IL-21. After washing steps, the different

cytokine fluorospots were detected using primary and secondary antibodies against each
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cytokine plus the addition of enhancer. The spots obtained were automatically counted
with the Fluorspot Reader version 8 (AID® Gmbh, Strassberg, Germany). The results
were considered after subtracting to each well the responses obtained in the respective
negative control wells. Supplemental figure 1 shows representative FluoroSpot wells

for each cytokine-producing T cell against antigen S.

SARS-CoV-2 antigens

The Spike Glycoprotein (S) peptide (PODTC2 protein, S gene) contained 158 + 157
peptides of >70% purity, the Membrane Protein (M) peptide (PODTC5 protein, VME-1
gene) contained 16 peptides of >70% purity, the Nucleoprotein (N) peptide (PODTC9
protein, NCAP gene) contained 102 peptides of >70% purity and the Envelope small
membrane Protein (E) peptide (PODTC4 protein, VEMP gene) contained 16 peptides of
>70% purity. S, M, N and E peptides were reconstituted in DMSO and PBS and used at
a final concentration of 2ug/mL. All SARS-CoV-2 peptides were designed by and
purchased from JPT Innovative Peptide Solutions (JPT®, Berlin, Germany). Influenza-
virus peptide pool was designed by and purchased from AID (AID® Gmbh, Strassberg,

Germany).
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2 - Supplementary Figures and Tables

Supplemental Figure 1. Representative images of polyfunctional T-cell responses to
Spike SARS-CoV-2 structural protein.

IFN-y I IL-2 | [FN-y-IL-2

IL-6 I IL-21 I IL-5
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Supplemental Figure 2. Means for total lymphocyte counts between groups at the
3 different time points. Total lymphocyte counts in SOT and IC were 866 + 427 and
1531 + 490, 1594 + 653 and 1975 + 670, 1583 £ 760 and 2106 + 729, at T1 (p<0.001),
T2 (p=0.076) and T3 (p=0.066), respectively. Total lymphocyte counts in HC were 1564
+ 427 and were significantly higher than SOT (**p<0.001) but not for IC (p=1) at T1.
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Supplemental Figure 3. Heatmaps generated by hierarchical clustering of SARS-
CoV-2-specific immune responses for SOT, IC patients and HC, according to the
COVID-19 disease severity (0 = no oxygen need; 1 = oxygen need; 2 = acute
respiratory distress syndrome, 3 = death). Immune responses used for clustering were
differentially expressed (fold change >2, false discovery rate P<0.05). Grey fields
indicate missing values.

Figure 3A. Heatmap performed at first time point during acute COVID-19 infection (7; 4-
11 days after the diagnosis) among 26 SOT, 16 IC and 16 HC.

Figure 3B. Heatmap performed during the early convalescent period (40; 37-44 days
after the diagnosis) of COVID-19 disease in 22 SOT, 15 1C and 16 HC.
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Supplemental Figure 4. Hierarchy of the polyfunctional T-cell responses for main structural SAR

patients. *p<0.05, calculated with Friedman’s test.

Supplemental figure 4A. T1=16; 12-19 days.
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Supplemental figure 4C. T3=49; 43-53 days after symptoms onset.
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Supplemental Figure 5. Qualitative analysis of global T-cell reactivity to SARS-CoV-2 at different
T-cell reactivity defined in Material and Methods. *p<0.05 (Chi-Square Test).
Supplemental figure 5A. T1=16; 12-19 days
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Supplemental figure 5B. T2=32; 25-37 days.
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Supplemental figure 5C. T3=49; 43-53 days after symptoms onset.
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Supplemental Table 1. Correlations between SARS-CoV-2-specific T-cell responses and lymphocyte count

IFN-y-producing T-cell frequencies

IL-2-producing T-cell frequencies

S M N E S M N E
Lymphocyte | R=0.088 | R=0.140 | R=0.054 | R=0.044 | R=0.086 | R=0.184 | R=0.061 | R=0.035 =
counts p=0.363 | p=0.148 | p=0.585 | p=0.660 | p=0.375 | p=0.056 | p=0.539 p= 0.721 =
IL-6-producing T-cell frequencies IL-21-producing T-cell frequencies
S M N E S M N E
Lymphocyte | R=0.240 | R=0.251 | R=0.052 | R=0.095 | R=0.044 | R=0.081 | R=0.095 | R=0.000 =
counts p=0.012 | p=0.008 | p=0.603 | p=0.335 | p=0.671 | p=0.438 | p=0.365 p= 0.997 p=

Supplemental Table 2. Correlations between SARS-CoV-2-specific T-cell responses at first time point of th

IFN-y-producing T-cell frequencies

IL-2-producing

T-cell frequencies

S M N E S M N E
s R=0.839 | R=0.584 | R=0.435 R=0.866 | R=0.882 | R=0.350
p <0.001 | p<0.001 | p=0.007 p <0.001 | p <0.001 p= 0.034
M R=0.583 | R=0.349 R=0.857 | R=0.394
p <0.001 | p=0.034 p <0.001 p=0.016
N R=0.448 R=0.316
p= 0.005 p= 0.056

IL-6-producing T-cell frequencies IL-21-producing T-cell frequencies

S M N E S M N E
S R=0.891 | R=0.858 | R=0.828 R=0.453 | R=0.490 | R=-0.001
p <0.001 | p<0.001 | p <0.001 p=0.010 | p=0.005 p= 0.994
M R=0.885 | R=0.790 R=0.563 | R=0.060
p <0.001 | p <0.001 p= 0.001 p= 0.747
N R=0.861 R=-0.178
p <0.001 p= 0.339
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Supplemental Table 3. Statistical differences between patients of each group for all T-

cell immune responses at T1.

soT Ic HC soTvs | sOTvs | 'C¥°
T1 median median median IC HC P

(IR) (IR) (IR) (p value) | (p value) value)
INF-y Spike 26 (11-76) 820(%”' 3(1-6) | 0286 | 0.005 | 0.000
INF-y Membrane 7 (0-34) ”25()1 > | 002 | 0011 | 0024 | 0.000
INF-y Nucleocapsid | 23 (3-74) | 26 (8-61) | 1(0-3) 1 0.001 | 000
INF-y Envelope 0(01) | 0(0-1) | 1(0-2) | 0473 | 0473 | 0473
IL-2 Spike 10(1-56) | 31(5-92) | 1(0-4) | 0958 | 0.015 | 0.002
IL-2 Membrane 2(0-9) | 45(5-74) | 1(04) | 0.009 | 0853 | 0.001
IL-2 Nucleocapsid 5(0-24) | 15(4-31) | 0(0-3) | 0367 | 0.032 | 0.000
IL-2 Envelope 0(01) | 0(-1) | 1(0-4) | 0260 | 0260 | 0.260
INF-y-IL-2 Spike 209 | 8@221) | 10-1) | 0388 | 0135 | 0.005
¥l 0(0-2) | 13(124) | 0(01) | 0020 | 0791 | 0.002
:\'l\'u'zl’égtazp i 2(0-6) | 4(1-8) 0(0-1) | 0832 | 0072 | 0.005
INF-y-IL-2 Envelope | 0(0-1) | 0(0-0) | 0(0-1) | 0471 | 0471 | 0471
IL-21 Spike 0(05) | 1(02) | 1(0-8 | 0481 | 0481 | 0481
IL-21 Membrane 0(03) | 0(0-6) | 2(0-8 | 0358 | 0358 | 0358
IL-21 Nucleocapsid | 0(0-2) | 0(0-2) | 1(0-7) | 0378 | 0378 | 0378
IL-21 Envelope 0(01) | 001 | 102 | 0059 | 0059 | 0.059
IL-5 Spike 0(00) | 01 | 0(0-0) | 0205 | 0205 | 0205
IL-5 Membrane 0(00) | 0(0-3) | 0(0-0) | 0.176 1 0.022
IL-5 Nucleocapsid 0(00) | 0(-1) | 0(0-0) | 0120 | 0120 | 0.120
IL-5 Envelope 0(00) | 0(0-0) | 0(-0) | 0121 | 0121 | 0.121
IL-6 Spike 1(0-84) 12%?‘ 9(0-59) | 0.112 | 0.112 | 0.112
IL-6 Membrane 0(0-0) |28(0-239) | 5(0-83) | 0085 | 0085 | 0.085
IL-6 Nucleocapsid 0(0-41) | 58(0-228) | 1(0-68) | 0332 | 0332 | 0332
IL-6 Envelope 0(0-37) | 3(0-86) | 8(0-55) | 0305 | 0305 | 0.305
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Supplemental Table 4. Correlations between SARS-CoV-2-specific T-cell responses at first time point of th

IFN-y-producing T-cell frequencies IL-2-producing T-cell frequencies IFN-y/I|
S M N E S M N E S
s R=0.581 | R=0.716 | R= 0.556 R=0.591 | R=0.799 | R=0.442
p <0.001 | p <0.001 | p=0.001 p <0.001 | p <0.001 | p=0.009
M R=0.495 | R=0.162 R=0.777 | R=0.291
p=0.003 | p=0.359 p <0.001 | p=0.094
N R=0.440 R=0.471
p=0.009 p= 0.005
IL-6-producing T-cell frequencies IL-21-producing T-cell frequencies IL-5
S M N E S M N E S
s R=0.612 | R=0.645 | R=0.294 R=0.705 | R=0.893 | R=0.655
p <0.001 | p <0.001 | p=0.091 p <0.001 | p <0.001 | p <0.001
M R=0.805 | R=0.480 R=0.788 | R=0.720
p <0.001 | p=0.004 p <0.001 | p <0.001
N R= 0.546 R=0.707
p= 0.001 p <0.001
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Supplemental Table 5. Correlations between SARS-CoV-2-specific T-cell responses at first time point of th

IFN-y-producing T-cell frequencies IL-2-producing T-cell frequencies IFN-y/II
S M N E S M N E S
s R=0.597 | R=0.782 | R=0.177 R=0.690 | R=0.876 | R=0.399
p <0.001 | p <0.001 | p=0.294 p <0.001 | p <0.001 | p=0.014
M R=0.561 | R=0.210 R=0.752 | R=0.388
p <0.001 | p=0.211 p <0.001 | p=0.017
N R=0.220 R=0.506
p=0.190 P=0.001
IL-6-producing T-cell frequencies IL-21-producing T-cell frequencies IL-5
S M N E S M N E S
s R=0.808 | R=0.580 | R=0.291 R=0.729 | R=0.712 | R=0.494
p <0.001 | p <0.001 | p=0.080 p <0.001 | p <0.001 | p=0.004
M R=0.710 | R=0.310 R=0.721 | R=0.586
p <0.001 | p=0.062 p <0.001 | p <0.001
N R=0.480 R=0.616
p= 0.003 p <0.001
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Supplemental Table 6. Statistical differences between patients of each group for all T-

cell immune responses at T2.

— soT IC HC SOTvsIC | SOTvsHC | ICvsHC
median (IR) | median (IR) | median (IR) (p value) (p value) (p value)

INF-y Spike 165 (75-298) | 77 (52-208) 3 (1-6) 1 0.000 0.001

INF-y

Membrane 45 (26-124) | 71 (40-253) 0 (0-2) 0.776 0.000 0.000

INF-y

Nucleocapsid | 09 (188-43) | 61 (28-125) 1 (0-3) 1 0.000 0.000

INF-y

Envelope 2 (0-5) 1(0-2) 1(0-2) 0.239 0.239 0.239

IL-2 Spike 3124(3;) ¥ | 122(71:231) 1(0-4) 0.258 0.000 0.004

IL-2

Mernbrane 117 (50-162) | 112 (35-210) 1 (0-4) 1 0.000 0.000

IL-2

Nucleocapsid | 126 (73-260) | 67 (24-102) 0 (0-3) 0.590 0.000 0.001

IL-2 Envelope 2 (0-4) 0 (0-3) 1 (0-4) 0.260 0.260 0.260

2| o) | 40@0es) |10 1 0.000 0.001

INF-y-IL-2

Membrane 20 (11-39) 43 (13-81) 0 (0-1) 1 0.000 0.000

INF-y-IL-2

Nucleocapsid 28 (10-48) 17 (10-30) 0 (0-1) 1 0.000 0.000

INF-y-IL-2

Envelope 1(0-2) 0 (0-1) 0 (0-1) 0.233 0.233 0.233

IL-21 Spike 94 (27-412) | 35(0-612) 1(0-8) 0.399 0.000 0.113

IL-21

Membrane 25 (7-192) 81 (0-595) 2 (0-8) 1 0.047 0.039

IL-21

Nucleocapsid 36 (8-207) 24 (0-300) 1(0-7) 0.774 0.005 0.284

IL-21

Envelope 4 (0-25) 2 (0-64) 1(0-2) 0.463 0.463 0.463

IL-5 Spike 1 (0-6) 3 (0-8) 0 (0-0) 1 0.018 0.025

IL-5

Membrane 1(0-2) 6 (1-12) 0 (0-0) 0.119 0.041 0.000

IL-5

Nucleocapsid 1(0-5) 1(0-5) 0 (0-0) 1 0.002 0.018

IL-5 Envelope 0 (0-0) 0 (0-1) 0 (0-0) 0.267 0.267 0.267

IL-6 Spike 117 (45-200) | 126 (38-291) 9 (0-59) 1 0.009 0.012

IL-6

Membrane 28 (8-97) 95 (28-271) 5 (0-83) 0.229 0.273 0.005

IL-6

Nucleocapsid | 08 (22-138) | 86 (17-327) 1 (0-68) 1 0.062 0.016

IL-6 Envelope | 36 (0-145) 86 (8-305) 8 (0-55) 0.097 0.097 0.097
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Supplemental Table 7. Statistical differences between patients of each group for all T-

cell immune responses at T3.

HC

T3 soT Ic edian | SOTVSIC | SOTvsHC | ICvsHC
median (IR) median (IR) (IR) (p value) (p value) (p value)

INF-y Spike 225 (101-434) | 102 (45-197) | 3(1-6) | 0.383 0.000 0.000

INF-y

Membrane 34 (21-159) | 122 (40-169) | 0 (0-2) 1 0.000 0.000

INF-y

Nucleocapsid 87 (37-240) | 45(17-131) | 1(0-3) 0.633 0.000 0.000

INF-y Envelope 1(0-7) 0 (0-2) 1(0-2) 0.541 0.541 0.541

IL-2 Spike 425 (242-606) | 181 (58-289) | 1 (0-4) 0.07 0.000 0.002

IL-2Membrane | 433 (74-241) | 158 (41-257) | 1(0-4) 1 0.000 0.000

IL-2

Nucleocapsid | 215 (110-379) | 56 (38-171) | 0(0-3) 0.127 0.000 0.001

IL-2 Envelope 2 (0-10) 3 (0-5) 1 (0-2) 0.273 0.273 0.273

INF-y-IL-2 Spike | ¢, (44-113) 57 (20-90) 1 (0-1) 0.482 0.000 0.000

INF-y-IL-2

Membrane 15 (10-67) 46 (10-81) | 0(0-1) 1 0.000 0.000

INF-y-IL-2

Nucleocapsid 33 (12-66) 13(9-48) | 0(0-1) 0.931 0.000 0.000

INF-y-IL-2

Envelope 0 (0-3) 0 (0-2) 0 (0-1) 0.830 0.830 0.830

IL-21 Spike 107 (36-212) | 10(2-83) | 2(0-8) | 0.025 0.000 0.294

IL-21

Membrane 37 (1-112) 11(0-85) | 2(0-8) 1 0.034 0.368

IL-21

Nucleocapsid 75 (16-241) 13 (1-39) 1(0-7) 0.084 0.000 0.189

IL-21 Envelope 1 (0-25) 0 (0-14) 1 (0-2) 0.424 0.424 0.424

IL-5 Spike 2 (0-6) 0 (0-4) 0 (0-0) 0.178 0.001 0.342

IL-5 Membrane 1(0-2) 2 (0-7) 0 (0-0) 1 0.015 0.004

IL-5

Nucleocapsid 2 (0-7) 0 (0-5) 0 (0-0) 1 0.016 0.232

IL-5 Envelope 0 (0-2) 0 (0-1) 0 (0-0) 0.065 0.065 0.065

IL-6 Spike 108 (22-224) | 27(0-105) | 1(0-83) |  0.181 0.016 1

IL-6 Membrane | g5 (0-207) 61(0-125) | 1(0-69) | 0.079 0.079 0.079
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IL-6
Nucleocapsid

74 (18-159)

54 (0-108)

8 (0-56)

0.079

0.079

0.079

IL-6 Envelope

46 (7-126)

50 (0-92)

2 (0-68)

0.191

0.191

0.191




Supplemental Table 8. Clinical characteristics of COVID-19 patients with
severe outcomes

MYV or death No MV nor death | P-Value

All patients (N=10) (N=34)

Age (years, mean+SD) 65.5£10.9 57.6+12.7 0.102

Sex: Male/Female (n, %) 7/3 (70/30) 23/11 (67.6/32.4) 0.606

Comorbidities (n, %)

- Diabetes 5(50%) 7 (20.6%) 0.105
- Arterial Hypertension 7 (70%) 18 (52.9%) 0.279
- Obesity 2 (20%) 7 (20.6%) 0.909
- Pulmonary disease 1 (10%) 3 (8.8%) 0.317
- Heart Disease 2 (20%) 6 (17.6%) 0.594
Laboratory findings (n, %)
- CRP (mg/L, mean £ SD) 103.7+£70.5 91.6+£75.5 0.561
- LDH (IU/ml, mean + SD) 298.9492.8 281.7+£102.8 0.499
- Lymphocytes (cells/ mm?, 7194439 839+564 0.738
mean £ SD)
SOT (N=9) (N=19)
Age (years, mean=SD) 65.6£11.5 56.5£13.8 0.101

Sex: Male/Female (n, %) 6/3 (66.7/33.3) 13/4 (76.5/23.5) 0.398

Comorbidities (n, %)

mean £ SD)

- Diabetes 5 (55.5%) 6 (35.3%) 0.212
- Arterial Hypertension 7 (77.8%) 12 (70.6%) 0.374
- Obesity 2 (22.2%) 4 (23.5%) 0.844
- Pulmonary disease 1(11.1%) 1 (5.9%) 0.548
- Heart Disease 2 (22.2%) 4 (23.5%) 0.650
Laboratory findings (n, %)
- CRP (mg/L, mean £ SD) 119.2+130.1 87+77.3 0.562
- LDH (IU/ml, mean + SD) 298.9492.8 277.3+121 0.428
- Lymphocytes (cells/ mm?, 701+463 5174321 0.339
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Abbreviations: MV, mechanical ventilation (invasive or non-invasive); CRP, C-
reactive protein; LDH, lactate dehydrogenase; SOT, solid organ transplant.



Supplemental Table 9. Baseline immunosuppression regimes and modifications during COVID-19 infection

CNI withdrawal MMF withdrawal
et R on during COVID19 during COVID19
o TAC+MMF + ST = 14 (50%)
o TAC+iMtor + ST = 1 (3.6%) .
- o, - ) - o
CNI based = 19 (67.9%) | ° CSA+MMF +ST=2(7.1%) o 7/19=369% |e 16/17=94.1% :

e TAC+ST=1(3.6%)
o CsA+MMF=1(3.6%)

e MMF +iMtor + ST = 2 (7.1%)
e MMF +iMtor = 2 (7.1%) e 6/9=66.7%
o MMF+ST=2(7.1%)
e MMF=3(10.7%)

CNI free =9 (32,1%)

Document signat digitalment per: ALEXANDRE FAVA BUCH

Abbreviations: MV, mechanical ventilation (invasive or non-invasive); SOT, solid organ transplant; MMF, mycophenol

ST, steroids.
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IV. MATHERIALS, METHODS AND RESULTS

Article 3.

A comprehensive assessment of long-term SARS-CoV-2-specific adaptive immune

memory in convalescent COVID-19 Solid Organ Transplant recipients

Kidney Int. 2022 May;101(5):1027-1038. doi: 10.1016/j.kint.2021.12.029

Objectives:

To investigate the relative persistence of peripheral adaptive immune memory
specific to SARS-CoV-2 up to six months after COVID19 by evaluating both serological
and T and B cell memory/effectorimmune compartments in SOT recipients, compared

to a matched cohort of immunocompetent convalescents patients
To comprehensively characterize the strength and durability of SARS-CoV-2-specific

adaptive immunity across distinct clinical presentations of COVID-19, from severe to

asymptomatic infections, in convalescent SOT and immunocompetent patients.
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Long-term adaptive immune memory has been reported
among immunocompetent individuals up to eight months
following SARS-CoV-2 infection. However, limited data is
available in convalescent patients with a solid organ
transplant. To investigate this, we performed a thorough
evaluation of adaptive immune memory at different
compartments (serological, memory B cells and cytokine
[IFN-vy, IL-2, IFN-Y/IL12 and IL-21] producing T cells) specific
to SARS-CoV-2 by ELISA and FluoroSpot-based assays in
102 convalescent patients (53 with a solid organ
transplants (38 kidney, 5 liver, 5 lung and 5 heart
transplant) and 49 immunocompetent controls) with
different clinical COVID-19 severity (severe, mild and
asymptomatic) beyond six months after infection. While
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similar detectable memory responses at different immune
compartments were detected between those with a solid
organ transplant and immunocompetent individuals, these
responses were predominantly driven by distinct COVID-19
clinical severities (97.6%, 80.5% and 42.1%, all significantly
different, were seropositive; 84% vs 75% vs 35.7%, all
significantly different, showed IgG-producing memory B
cells and 82.5%, 86.9% and 31.6%, displayed IFN-y
producing T cells; in severe, mild and asymptomatic
convalescent patients, respectively). Notably, patients with
a solid organ transplant with longer time after
transplantation did more likely show detectable long-
lasting immune memory, regardless of COVID-19 severity.
Thus, our study shows that patients with a solid organ
transplant are capable of maintaining long-lasting
peripheral immune memory after COVID-19 infection;
mainly determined by the degree of infection severity.
Kidney International (2022) 101, 1027-1038; https://doi.org/10.1016/
jkint.2021.12.029

KEYWORDS: adaptive immunity; COVID-19 infection; solid organ
transplantation

Copyright © 2022, International Society of Nephrology. Published by
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severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) has challenged global health in an unprece-
dented manner, resulting in a widespread morbidity and
mortality. Even though most people develop mild symptoms
or remain asymptomatic after SARS-CoV-2 infection,"” some
patients develop a severe respiratory syndrome that associates
with an excessive systemic inflammatory process, ultimately
leading to respiratory failure and death.™ Notably, some spe-
cific group of patients seem to be at significantly higher risk
of fatal outcomes such as recipients of solid organ transplants
(SOT), most likely due to their chronic immunosuppressive
therapy that broadly targets adaptive T-cell immunity.™®

Recent important studies have shown that during acute
COVID-19 and early convalescence, infected patients develop
robust adaptive immune responses by means of high SARS-
CoV-2-specific IgG antibody titers and T-cell frequencies,
both CD4 and CD8 T cells, in peripheral blood.” Remarkably,
the strength of these adaptive immune responses seems to
also vary according to distinct COVID-19 disease severity,® '
thus, suggesting a key role of SARS-CoV-2—specific immunity
controlling and limiting primary viral replication.'”'® On the
other hand, a long-lasting protective immunity, both sero-
logical and cellular, has also been reported among convales-
cent COVID-19 patients from the general population between
5 and 8 months after infection.'’

In the setting of SOT, however, scarce information has
been reported regarding the degree, durability, and biological
interplay between different adaptive immune mechanisms in
response to SARS-CoV-2. In this regard, our group recently
showed that SOT patients developing a moderate or severe
COVID-19 infection are able to generate, albeit with a notable
initial delay, similarly strong SARS-CoV-2-specific serological
and T-cell immune responses during early convalescence as
compared with immunocompetent (IC) patients with the
similar severe infection.'®'” Nevertheless, unlike SARS-CoV-2
convalescent immunity, weak adaptive immune responses
have been reported in SOT recipients after 2 doses of
messenger RNA-based vaccination.”””" Importantly, under-
standing whether memory immune responses specific to
SARS-CoV-2 last for long convalescent periods and how the
serological and B and T cellular compartments behave over
time is key to establish guided preventing strategies among
this high-risk patient population.

Herein, we performed a thorough evaluation of both
serological and functional T- and B-cell immune memory
against main immunogenic SARS-CoV-2 antigens using
functional cell-based immune assays, in a cross-sectional
cohort of 102 convalescent SOT (n = 53) and IC healthy
individuals (n = 49) with distinct disease severity, beyond 6
months after COVID-19 infection.

T he coronavirus disease 2019 (COVID-19) caused by the

METHODS

Patients of the study and clinical definitions

One-hundred and two COVID-19 convalescent patients from
different European transplant centers were evaluated in this study
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(Bellvitge University Hospital [N = 67]; Vall d’Hebron University
Hospital [N = 13]; Montpellier University Hospital [N = 4]; Fun-
daci6 Puig-Vert [N = 3]; Lyon University Hospital [N = 2]; Hospital
del Mar [N = 2]; Hospital Clinic [N = 1]) and a general medical
assistance center (N = 10). A total of 53 SOT recipients (38 kidney, 5
liver, 5 lung, and 5 heart transplants) and 49 IC healthy individuals,
in whom peripheral blood mononuclear cells and serum samples
could be obtained, with a median follow-up after COVID-19
infection beyond 6 months (199 days; interquartile range [IQR],
170-215), were included in this study. In addition, 35 subjects (21
SOT and 14 IC) having developed a severe COVID-19 were
compared with their 1-month postinfection immune memory status.
None of the participants had been vaccinated, before or during the
study follow-up.

All patients had been tested positive for SARS-CoV-2 infection by
a real-time reverse transcription—polymerase chain reaction analysis
on nasopharyngeal swab samples and diagnosed for COVID-19
between March and October 2020. Samples from 16 prepandemic
uninfected individuals were used as negative controls for T-cell as-
says, as described elsewhere.'® Additional 10 historic biological
samples were employed as controls for the B-cell functional assays.

As shown in the flowchart of the study (Figure 1), both SOT
recipients and IC patients included in the study were classified ac-
cording to 3 distinct COVID-19 clinical presentations: 41 had been
hospitalized for a severe COVID-19 (SEV) requiring oxygen supply
(22 SOT and 19 IC), 42 presented with mild symptoms (MILD) and
were not hospitalized (22 SOT, 20 IC), and 19 were asymptomatic
(ASYMP) and found positive for SARS-CoV-2 by a real-time reverse
transcription—polymerase chain reaction on nasopharyngeal swab in
routine screening or contact tracking tests (9 SOT and 10 IC). Main
clinical, demographic, and immunologic patient characteristics were
recorded.

The study was approved by the ethical review boards (PR115/20)
at each center, and patients were recruited in the study after
providing a signed informed consent.

Collection and management of serum and peripheral blood
mononuclear cell samples
Detailed description is depicted in the Supplementary Methods.

Assessment of SARS-CoV-2-specific humoral immunity

SARS-CoV-2-specific serological memory. Serum IgG anti-
bodies were assessed against 2 main SARS-CoV-2 antigens: the
nucleoprotein and spike glycoprotein in 101 of 102 (99%) study
patients using 2 distinct enzyme-linked immunosorbent assay plat-
forms. Detailed information of the methodology and interpretation
is provided as Supplementary Material.

SARS-CoV-2-specific IgG-producing memory B cells. Circu-
lating SARS-CoV-2-specific IgG-producing memory B-cell (mBC)
frequencies was assessed against the receptor binding domain of
SARS-CoV-2 spike protein in 71 of 102 (69.6%) individuals of the
study using a colorimetric B-cell enzyme-linked immunosorbent
spot assay. A thorough description of the method and interpretation
(Supplementary Figure S1) of this assay is depicted in the
Supplementary Material.

SARS-CoV-2-reactive cytokine-producing memory T cells. Cir-
culating SARS-CoV-2-reactive cytokine-producing memory T-cell
frequencies could be assessed in 97 of 101 (95.1%) patients of the
study using a multicolor FluoroSpot Immune assay (AID Gmbh), in
which 4 distinct cytokine-producing T-cell frequencies were

Kidney International (2022) 101, 1027-1038
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Convalescent COVID-19 patients

(n=102)

199 days (IQR, 170-215)

SOLID ORGAN TRANSPLANTS
(n=153)

Age (yr): 57.9 £+ 12.5
Sex (female): 16 (30.2%)

IMMUNOCOMPETENT
(n=49)
Age (yr): 50.1 + 15.8*
Sex (female): 24 (49%)

Time after infection (d): 184 (IQR,159-207)

Time after infection (d): 206 (IQR,185-232)*

— *P <0.05
| 49 (44-53)days || Severe (n =21) Severe (n = 14)
199 (170-215) days Severe Mild Asymptomatic . Severe Mild Asymptomatic
n=22 n=22 n=9 n=19 n=20 n=10
Kidney (n = 16) Kidney (n = 16) Kidney (n = 6)
Liver (n = 2) Liver (n = 3) Liver (n = 0)
Lung (n =0) Lung (n =3) Lung (n=2)
Heart (n = 4) Heart (n = 0) Heart (n=1)

Figure 1] Flowchart of the study. *P < 0.05 (3 test and t test). COVID-19, coronavirus disease 2019; IQR, interquartile range.

simultaneously assessed: effector (interferon-y [IFN-7]), proliferative
(interleukin-2 [IL-2]), central (IFN-Y/IL-2) T helper cell 1 and IL-21
T helper cell 1 memory responses. These responses were evaluated
against the 4 main structural SARS-CoV-2 proteins: spike glycoprotein
(S), membrane protein (M), nucleoprotein (N), and envelope small
membrane protein (E) (JPT). A strong positive correlation of T-cell
immune responses between all viral antigens was observed but for
antigen E, which were barely detectable (Supplementary Table S1).
Thus, all the analyses were focused against antigens S, M, and N.
Global SARS-CoV-2-reactive T-cell immune responses were calcu-
lated by means of the median T-cell frequencies against the 3 main
immunogenic antigens (S, M, and N) in each patient. Furthermore,
because a hierarchical T-cell immune response was observed and was
predominantly driven by IFN-y-producing T cells against antigen S
(Supplementary Figure S2), the qualitative assessment of T-cell im-
mune memory was based on this response. A detailed description of
the methodology and interpretation (Supplementary Figure S3) is
provided as Supplementary Material.

Statistics

Continuous variables were expressed as mean £+ SD or median and
IQR, and categorical variables as number of total (n) and percentage
(%). A comparison between groups was performed using Pearson’s
%> test for categorical data. Continuous measurements were
compared among groups using the Kruskal-Wallis and Mann-
Whitney U test for non-normally distributed data, whereas analysis
of variance and t tests were used when data were normally distrib-
uted. P values of <0.05 were considered statistically significant.
Univariate logistic regression models were used to investigate the
influence of clinical covariates (age, gender, symptomatic/asymp-
tomatic infection, and years after transplant) by means of odds ratio
(OR) with 95% confidence interval (CI) for humoral and cellular
responses. Those covariates that were associated with a P value
of <0.1 were introduced into a multivariate binary logistic regression
model. SARS-CoV-2-reactive cellular and humoral responses were
centered and scaled, and a heatmap was built by means of the
pheatmap R package 16 using Euclidean distance and complete
method as agglomeration method. R package version 1.0.12 was used
(https://CRAN.R-project.org/package=pheatmap). All other analyses

Kidney International (2022) 101, 1027-1038

were performed using SPSS version 26 software, and graphs were
generated using GraphPad Prism version 8.0 software (Graphpad
Software).

RESULTS

Patients of the study

As shown in the study flowchart (Figure 1) and Table 1, 102
COVID-19 convalescent patients after a median time of 199
days (IQR, 170-215 days) after infection were investigated (53
SOT and 49 IC). SOT had a median time after transplantation
of 5 years (IQR, 1-12 years), and most of them were receiving
a calcineurin-inhibitor-based immunosuppression (83%). All
patients were classified and matched according to the clinical
severity of COVID-19 infection: 41 SEV (22 SOT, 19 IC), 42
MILD (22 SOT, 20 IC), and 19 ASYM (9 SOT, 10 IC).

In general, IC patients were slightly younger (50.1 £+ 15.8
vs. 57.9 4 12.5 mean age, P = 0.017) and their convalescence
period was longer (206 [185-232] vs. 184 [159-207] median
days, P = 0.005) than SOT (Figure 1), and these differences
were mainly driven by the MILD IC group, which was
composed of health care workers (Table 1). Among the
remaining groups, IC and SOT were matched for age and time
after infection. There were no differences regarding the type
of immunosuppression, SOT, or time after transplantation
between the 3 distinct clinical groups.

None of the included patients was diagnosed of transplant
rejection during the acute SARS-CoV-2 infection or the
follow-up, but 1 kidney transplant individual who presented a
subclinical antibody-mediated rejection in a 12-month pro-
tocol biopsy.

Disease severity but not patient condition drives long-lasting
immune memory

As illustrated in an unsupervised heatmap in Figure 2, SARS-
CoV-2-specific immune memory responses, both at the
serological and functional B- and T-cell compartments, were

1029



Document signat digitalment per: ALEXANDRE FAVA BUCH

clinical investigation

A Fava et al.: Long-term SARS-CoV-2 adaptive immunity in SOTs

Table 1| Demographic and clinical characteristics of patients infected by SARS-CoV-2

Severe (n = 41) Mild (n = 42) Asymptomatic (n = 19)

COVID-19 patients (n = 102) SOT (n = 22) IC(n=19) SOT(n = 22) IC (n = 20) SOT (n = 9) IC(n = 10) P value
Age, yr, mean + SD 56.7 £ 13.7 604 + 9.2 60.6 + 9.6 35.2 £+ 10.6° 543 + 153 60.5 + 89 <0.001
Sex (female), n (%) 4 (18.2) 7 (36.8) 8 (40) 11 (55) 4 (44.4) 6 (60) 0.145
Time after infection, d, median (IQR) 196 (181-213) 201 (185-206) 177 (132-203) 231° (213-252) 161 (121-168) 163 (139-185)  <0.001
Transplant organ, n (%)

Kidney 16 (72.7) NA 16 (80) NA 6 (66.7) NA

Liver 2 (10) NA 3(15) NA 0 NA 0.161

Heart 0 (0) NA 3 (15) NA 2 (22.2) NA

Lung 4 (18.2) NA 0 NA 1(11.1) NA
Type of immunosuppression

Calcineurin inhibitors 16 (72.7) NA 20 (100) NA 8 (88.9) NA 0.241

Mycophenolate mofetil 21 (94.5) NA 19 (95) NA 6 (66.7) NA 0.099

mTor inhibitors 4 (18.2) NA 2 (10) NA 2 (22.2) NA 0.566

Steroids 18 (81.8) NA 17 (85) NA 9 (100) NA 0.304
Time after transplant, yr, mean + SD  8.05 + 7.45 NA 582 £ 6.79 NA 7.56 £ 7.09 NA 0.571

COVID-19, coronavirus disease 2019; IC, immunocompetent; IQR, interquartile range; mTOR, mammalian target of rapamycin; NA, not applicable; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2; SOT, solid organ transplant.
?Statistical differences were only observed between mild SOT and IC patients.

predominantly explained by the clinical severity of COVID-19
infection rather than by the patient condition, either SOT or
IC. As shown, all differences were fundamentally driven by
the severe clinical groups but not for IL-21-producing T cells,
which did not significantly differ across different clinical se-
verities (Supplementary Table S2).

Long-term SARS-CoV-2-specific humoral memory serological
memory

Beyond 6 months after infection, 81 of 101 (80.2%) and 78 of
101 (77.2%) patients showed detectable SARS-CoV-2 IgG
antibody levels against antigens spike (S) and nucleoprotein
(N), respectively. As illustrated in Figure 3a and b, there were
no differences regarding both seroconversion rates (81.13%
vs. 79.17%; P = 0.805) and IgG titters (108 [28.85-396.5] vs.
85.8 [16.5-398.5] UA/ml; P = 0.58) against antigen S between
SOT and IC, respectively. Conversely, although similar sero-
conversion against antigen N was observed between SOT and
IC, N-specific IgG titers were lower among SOT patients (6.7
[0.67-33] vs. 34.3 [4.43-75.63] UA/ml; P = 0.027).

A clear seroconversion gradation according to the 3
distinct clinical severities was observed, regardless of patient
condition, either SOT or IC (40 of 41 [97.56%] vs. 33 of 41
[80.48%] vs. 8 of 19 [42.1%]; P < 0.001; and 38 of 41
[92.68%] vs. 31 of 41 [75.6%] vs. 9 of 19 [47.36%]; P <
0.001) for SEV, MILD, and ASYMP against antigens S and N,
respectively (Figure 3¢ and d; Supplementary Table S3). The
same observation was found for IgG titers (435 [189-775.5]
vs. 39.4 [15.85-113] vs. 4.94 [0-68]; P < 0.001; and 35.7
[8.63—81.25] vs. 9.39 [0.89-50.6] vs. 0.08 [0.08-13.7]; P <
0.001) in SEV, MILD, and ASYMP patients against antigens S
and N, respectively (Figure 3e and f).

Nonetheless, despite that higher IgG titers against antigen
S were observed among MILD-SOT than MILD-IC patients
(76.7 [30.4-209.8] vs. 20.9 [15.5-45.2] UA/ml; P = 0.034),
most likely due to the later time of analysis of MILD-IC
subjects (Table 1), SEV-IC patients displayed numerically
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higher IgG titers against antigen N than SEV-SOT patients
(61.8 [36.2-92.1] vs. 15.7 [4-33.4] UA/ml; P < 0.001).

B-cell memory

A total of 49 of 71 (69%) patients displayed detectable
circulating receptor binding domain of SARS-CoV-2 spike—
specific IgG-producing mBC, with similar proportion (22
of 31 vs. 28 of 40; P = 0.929) and frequencies (0.0134 [0-
0.0557] vs. 0.0116 [0-0.054]; P = 0.883) between SOT and
IC patients, respectively (Figure 4a and b). Likewise to
serology, detection of mBC was highly influenced by the 3
different clinical presentations (84% vs. 75% vs. 35.7%;
P = 0.004, in SEV, MILD, and ASYMP, respectively),
regardless of patient condition (Figure 4c and d;
Supplementary Table S4). Even though no statistical dif-
ferences were observed regarding IgG-producing mBC fre-
quencies between groups, SEV patients showed numerically
higher frequencies, this difference being especially evident
between SEV-IC versus ASYMP-IC patients (0.059 [0.013—
0.189] vs. 0 [0-0.031]; P = 0.024) (Figure 4d).

Long-term SARS-CoV-2-specific T-cell memory

Overall, there were no differences regarding the proportion of
patients with detectable SARS-CoV-2—-reactive T cells or their
frequencies for any of the evaluated cytokine-producing T
cells between SOT and IC patients against the different viral
antigens (Supplementary Figures S4 and S5; Supplementary
Table S5).

A hierarchical T-cell immune response was observed that
was mainly dominated by antigen S (Supplementary
Figure S2; Supplementary Table S6). Similar to humoral
immunity, the proportion of T-cell responders significantly
decreased along with the different clinical presentations
(Figure 5), and these differences were independent of the
patient condition (Supplementary Figure S6). As described in
Figure 6, a clear decrease in all SARS-CoV-2-reactive
cytokine-producing T-cell frequencies but not for IL-21-
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(COVID-19) disease severity (moderate/severe, mild, or asymptomatic). Inmune responses used for clustering were differentially
expressed (fold change >2, false discovery rate P < 0.05). Gray fields indicate missing values. IFN, interferon; IL, interleukin.

producing T cells was observed in line with the less severe
clinical presentation. Of note, a less pronounced SARS-CoV-
2-specific T-cell gradient was observed among SOT as
compared with IC patients, especially between severe and
mild convalescent COVID-19 patients.

Relationship between serological and cellular SARS-CoV-2-
specific immunity

A significant positive correlation between serum IgG titers
and frequencies of IgG- and cytokine-producing memory B
and T cells, respectively, against protein S was observed,

-
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I Spike.igE NEGATIVE

which was more robustly observed within the IC group
(Figure 7). Conversely, no correlation was found between
serologic and cellular responses against protein N and be-
tween frequencies of IgG-producing mBC and cytokine-
producing T cells.

Next, we compared all memory immune compartments in
each individual according to the different clinical pre-
sentations in all patients in whom the humoral (either mBC
or antibodies) and cellular immune responses could be
investigated (97 of 102 [95.1%] patients; 40 SEV, 38 MILD,
and 19 ASYMP). As shown in Figure 8, although all SEV
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Figure 3| IgG antibody responses to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike and nucleocapsid
proteins. (a) Proportion of solid organ transplants (SOT) and immunocompetent (IC) individuals with detectable IgG antibodies. (b) IgG
antibody titters against antigens Spike and nucleoprotein among SOT and IC; *P < 0.05. (c,d) Seropositive proportion of patients for spike (c)
and nucleoprotein (d), according to infection severity at the onset. In columns, immunosuppression status for every cluster of severity. (e,f)
IgG-spike (e) and IgG-nucleoprotein (f) titters according to severity and immunosuppression group; *P < 0.05. Detailed data on antibody

titters are available in Supplementary Table S3.

Kidney International (2022) 101, 1027-1038

1031



Document signat digitalment per: ALEXANDRE FAVA BUCH

clinical investigation A Fava et al.: Long-term SARS-CoV-2 adaptive immunity in SOTs

= POSITIVE
a c B0 NEGATIVE .
soT IC
8.33% 23.08% 35T1% 16.67% L]
= POSITIVE
== NEGATIVE
F=092%
SOT=14 IG=18
L i
Total = 31 Total = 40 SEVERE MILD
b d

u E *
'E P=02883 o g4 .
g 2 oz T o 5
2 § 010 o
E L ¢ [} e

g
o 2
= o
§ € 005 L
; k] L -

g
: §
g
5- g 0.00 T
E u I30T=l12 |(‘:nx13l ISOT-“ IC=18I '501-5 IC=9 |

n=3 n =40
SEVERE MILD ASYMPTOMATIC

Figure 4| Frequencies of receptor binding domain (RBD)-specific IgG-producing memory B cells (mBCs). (a) Proportion of solid organ
transplant (SOT) and immunocompetent (IC) individuals with detectable RBD-IlgG-producing mBCs. (b) Frequencies of RBD-IlgG-producing
mBCs between SOT and IC. (c) Proportion of individuals with detectable RBD-lgG—producing mBCs according to infection severity at the onset.
In columns, immunosuppression status for each severity group. (d) Frequencies of RBD-lgG-producing mBCs according to severity and
immunosuppression group; *P < 0.05. Detailed data on ratio of RBD-IgG-producing mBC are provided in Supplementary Table S4.

patients showed some detectable SARS-CoV-2—specific im-  immunity in any of the 3 immune compartments (P <
mune memory, 5.3% (2 of 38) of MILD and up to 42.1% (8  0.001). No differences were found between SOT and IC (data
of 19) of ASYMP patients did not show detectable antiviral — not shown).
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Figure 5| Proportion of patients with detectable severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-reactive cytokine-
producing T-cell responses according to infection severity. Interferon-y (IFN-Y), interleukin-2 (IL-2), IFN-y/IL-2, and IL-21 were assessed.
*P < 0.05.
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Figure 6 | Global T-cell responses specific to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2; median T-cell frequencies
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shown; *P < 0.05. IFN-v, interferon-Y; IL-2, interleukin-2; SFU, spot forming unit.

Longitudinal analysis of SARS-CoV-2 immune memory in
severe convalescent COVID-19 patients

In a subgroup of 35 severe convalescent patients (21 SOT and
14 1C), SARS-CoV-2 immune memory could be compared
with a previous initial time point after COVID-19 infection
(49 days; IQR, 43-53). As illustrated in Figure 9a, although no
differences were observed regarding percentages of seroposi-
tivity against antigens S and N as well as in IgG titers against
antigen N between the 2 time points in the 2 groups, anti-S
IgG titers significantly dropped in both groups (800 [285-
800] vs. 277.5 [186.5-800]; P = 0.029 for SOT; 800 [524-800]
vs. 571 [263-713]; P = 0.002 for IC).

Notably, a significant decline was observed in all cytokine-
producing SARS-CoV-2-reactive T-cell frequencies but not in
IL-21, in both groups (Figure 9b), with a higher proportion of
SOT becoming non—T-cell responders than IC (Figure 9¢).

Main clinical determinants influencing long-term immune
memory

We then investigated whether main demographic character-
istics such as age, gender, or time after transplant influenced
long-term immune memory at the distinct compartments,

Kidney International (2022) 101, 1027-1038

adjusting for the type of COVID-19 clinical severity, given its
preponderance leading to distinct long-lasting SARS-CoV-2—
specific immune responses.

Contrary to infection severity, age and gender did not
impact on long-term immunity of IC individuals (data not
shown).

Among SOT, however, in addition to COVID-19 disease
severity, time (years) since transplantation was also revealed
as an independent factor modulating the maintenance of
long-term peripheral immune memory (Supplementary
Table S7), specifically for anti-N IgG antibodies (OR, 1.2;
95% CI, 1.02-1.40; P = 0.02), IFN-y, and IFN-y/IL-2-
reactive T cells (OR, 1.4; 95% CI, 1.08-1.83; P = 0.013;
and OR, 1.14; 95% CI, 1.01-1.28; P = 0.028, respectively).

DISCUSSION

In this study, we investigated the persistence and magnitude
of adaptive immune memory specific to SARS-CoV-2 beyond
6 months after infection in a large cohort of convalescent SOT
recipients and IC individuals having experienced 3 distinct
clinical presentations, severe, mild, or asymptomatic COVID-
19. Herein, we show that SOT patients are capable of
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maintaining a long-lasting functional immune response spe-
cific to SARS-CoV-2 similar to IC individuals both at the
serological and T- and B-cell memory immune compart-
ments. Most importantly, we found that the persistence and
magnitude of this response is mainly influenced by the degree

SEVERE =41 MILD = 42

of COVID-19 clinical severity; thus a high proportion of
asymptomatic and some mild convalescent patients did not
display any detectable adaptive immune memory in any
biological compartment. To note, even though no major
differences were generally observed between SOT and IC, SOT
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Figure 8| Dot plots showing the proportion of subjects with detectable responses at the different immune compartments according
to disease severity. Humoral memory (H) -+ T-cell memory (T) = detectable (receptor binding domain [RBD]-spike)-specific memory B cell
(mBC) and/or anti-spike 1gG and spike-specific interferon-y (IFN-y)-producing T cells. Humoral memory = detectable (RBD-spike)-specific
mBC or anti-spike IgG. T-cell memory = detectable spike-specific IFN-y-producing T cells. None (N): no detectable humoral or cellular
immunity. SEVERE group: 80% (H+T), 17.5% (H), 2.5% (T), 0% (N); MILD group: 78.9% (H-T), 7.9% (H), 7.9% (T), 5.3% (N); asymptomatic
(ASYMP) group: 26.3% (H+T), 26.3% (H), 5.3% (T), 42.1% (N); P < 0.001.
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individuals displayed weaker humoral responses to SARS-
CoV-2 antigen N, a weaker correlation between serologic
and cellular responses than convalescent IC patients with the
same clinical disease severity, and a more pronounced decline
of SARS-CoV-2-reactive cytokine-producing T-cell fre-
quencies over time. Furthermore, our data highlight a more
impaired long-term immune preservation among most
recently transplanted SOT individuals.

Recent studies have shown that for seasonal coronaviruses,
protective immunity seems to be predominantly short-lived.*”
However, detectable long-term immune memory against
SARS-CoV-2 within 3 main compartments (serological and
B- and T-cell memory) has been described in convalescent IC
individuals beyond 6 months after COVID-19.%""

In our study, although we confirm that COVID-19 pro-
vides detectable peripheral immunity at the 3 main immune
compartments (serological and functional B- and T-cell im-
mune responses) beyond 6 months after infection in conva-
lescent IC individuals, we show for the first time that SOT
patients are similarly capable of maintaining a long-lasting
immune memory response at the serological and functional
memory B- and T-cell level. In fact, the robust immune re-
sponses detected at the different immune compartments in
many SOT with the longest follow-up (up to 355 days after
infection) strongly suggest that memory immune responses in

Kidney International (2022) 101, 1027-1038

this patient population may last even further despite receiving
chronic immunosuppression. Rather, the most relevant
feature determining the persistence and magnitude of pro-
tective immunity was the degree of COVID-19 clinical
severity. Notably, a clear gradient of immune responses from
the more severe to the mild and asymptomatic groups was
clearly delineated in our patients.g’12 In fact, whereas more
than 80% of severe convalescent COVID-19 subjects were
seropositive and displayed robust SARS-CoV-2—specific IgG-
and cytokine-producing memory B and T cells, respectively,
only in 40% of the asymptomatic group were these detectable.
A potential explanation for these findings may rely in recent
observations showing that severe hospitalized cases, both 1C
and SOT, display higher viral loads, viremia, and longer viral
shedding as compared with milder COVID-19 cases,” *°
which may lead to higher antigen exposure ultimately trig-
gering stronger and long-lasting immune responses.

In line with previous studies,®*” we also found a high
correlation between the different immune compartments
specific to SARS-CoV-2. However, these differences were
predominantly driven by the IC group, suggesting a more
impaired functional immune response of SOT related to
chronic immunosuppression. Indeed, the gradient of strength
and detection of immune responses at the T-cell level between
the distinct clinical COVID-19 presentations within SOT was
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not pronounced as compared with IC patients, especially
between severe and mild patients. Moreover, in a longitudinal
analysis of immune response progression within severe
convalescent COVID-19 patients, SOT displayed a clearer
decline of functional T-cell immune memory than IC pa-
tients, again illustrating a certain deleterious effect of chronic
immunosuppression on antiviral immunity over time. In
addition, despite similar seropositivity rates for both antigens
S and N between IC and SOT, the latter displayed significantly
lower anti-N IgG titters than IC patients. Unlike in the gen-
eral population,'” it has recently been described that SOT
patients seem to show lower anti-N IgG titers,”® especially
those with higher immunosuppressive burden,” suggesting
higher susceptibility of anti-N seroconversion to chronic
immunosuppression.

Finally, when we investigated major determinants influ-
encing the presence of SARS-CoV-2—specific immune mem-
ory within SOT patients, besides COVID-19 clinical severity,
we found that more recently transplanted patients exhibited
an independent higher risk of not maintaining detectable
serological and T-cell immunity than those with a longer
functioning graft. These data highlight the negative effect of
the initial immunosuppressive burden challenging adaptive
anti-viral immune responses.

Our study has some limitations. First, we have to consider
an inherent selection bias in our cohort, because all the
included individuals had successfully recovered from SARS-
CoV-2 infection, which is not the general COVID-19
outcome among this at-risk patient population. On the
other hand, our immune evaluation was restricted to the
original SARS-CoV-2 strain, due to the infection time period
(March to October 2020), so we are not able to fully ensure
whether these data would replicate with the more virulent
viral strains. Finally, this study was performed before the
successful vaccination campaigns,” so we cannot completely
extrapolate these findings to breakthrough infections in pa-
tients after unsuccessful vaccination.

Also, the mild infection group of the study, which was
fundamentally based on health care workers, was a bit
younger and were analyzed at a later time. However, in
general, these differences did not impact on the immune re-
sponses compared with the same mild SOT group. Although
the number of asymptomatic patients was lower than the
other 2 groups, the consistency of the results observed within
this group counterbalances this constraint. Finally, we could
not describe the predominant T- or B-cell subsets, responsible
of these SARS-CoV-2—-reactive T and B cells. However, our
FluoroSpot assay allowed us to functionally assess the fre-
quencies of different IgG- and cytokine-producing B and T
cells specific to SARS-CoV-2 at the single cell level.

In conclusion, our findings show that robust humoral and
cellular immune memory persists among IC and SOT
convalescent COVID-19 patients for more than 6 months
after infection, and these responses are highly dependent on
the clinical degree of COVID-19 severity, which might ulti-
mately illustrate a distinct level of viral antigen exposure.

Kidney International (2022) 101, 1027-1038

However, long-lasting adaptive immunity seems to be chal-
lenged to some extent by chronic immunosuppression,
especially among those more recently transplanted. Our data
may have some relevant implications regarding the long-
lasting immune response achieved after vaccination, high-
lighting the need of an accurate and broader assessment of
SARS-CoV-2 immune response to establish guided preventive
strategies.
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ternal negative control; and the readouts after subtraction.
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gens: spike [S], membrane [M], and nucleoprotein [N]) for solid organ
transplant (SOT) and immunocompetent (IC) patients and for each
cytokine assessed (interferon-y [IFN-Y], interleukin-2 [IL-2], IFN-Y/IL-2,
and IL-21).

Figure S6. Proportion of patients with detectable cytokine-producing
T-cell responses against severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), according to the immunosuppression status and
infection severity.

Table S1. Correlations between severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)-specific T-cell and B-cell responses.
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the immune responses clustered in Figure 2 heatmap.

Table S3. IgG titters against spike and nucleoprotein (median UA/ml
[interquartile range]), according to immunosuppression status and
infection severity.
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SUPPLEMENTARY MATERIAL
1 - Supplementary methods

1.1- Collection and management of serum and peripheral blood
mononuclear cells (PBMC) samples

PBMCs were isolated from patient’s peripheral blood by Ficoll density gradient
centrifugation and subsequently frozen in liquid nitrogen until their use in
functional analyses. Serum was isolated by centrifugation and samples were

stored at -20°C.

1.2 - Assessment of SARS-CoV-2-specific Serological Memory

Briefly, serological response to SARS-CoV-2 was determined by the detection of
specific antibodies against both nucleocapsid and spike SARS-CoV-2 antigens.
Two commercial chemiluminescence immunoassays (CLIA) were used,
according to the manufacture instructions:

1) Elecsys® Anti-SARS-CoV-2 (Roche Diagnostics, Mannheim, Germany)
performed on the Cobas 8800 system (Roche Diagnostics, Switzerland)
for the determination of total antibodies (including I1gG, IgM and IgA)
against nucleocapsid SARS-CoV-2 proteins (cut-off = 1.0 index). Human
serum reactive (ACOV2 Cal2) and non-reactive (ACOV1 Cal1) for SARS-
CoV-2 antibodies were used as negative and positive calibrators
(https://www.fda.gov/media/137605/download).

2) LIAISON® SARS-CoV-2 TrimericS IgG (DiaSorin, Stillwater, MN, USA)
performed on the LIAISON® XL Analyzer (DiaSorin, Italy) for the

determination of IgG antibodies spike glycoprotein of SARS-CoV-2 (cut-
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off 2 13.0 AU/mL; measures up to 800 AU/ml). Human serum reactive and
non-reactive for SARS-CoV-2 IgG antibodies 0.2% ProClin 300 were used
as internal negative and positive controls, as provided by the manufacturer

(https://www.fda.gov/media/149059/download).

1.3- Assessment of RBD-specific B-cell Memory

Briefly, to differentiate circulating mBCs to antibody-secreting cells (ASCs),
peripheral blood mononuclear cells were cultured (1.5%106 cells per ml at 37 °C
in 5% CO2) for 6 days in Iscove Modified Dulbecco Media (IMDM) enriched
medium, 500 ng/ml Human CD40/TNFRSF5 Antibody (Bio-Techne R&D
Systems, S.L.U., USA), 600 IU/ml human interleukin-2 (Sigma Aldrich, USA), 100
ng/ml human interleukin-21 (Peprotech, UK), 25 ng/ml human interleukin-10
(Peprotech, UK), 2.5 ug/ml CpG-B DNA (ODN 2006) (HycultBiotech, The
Netherlands) and 10 ul/ml ITS Liquid Media Supplement (Sigma Aldrich, USA),

as previously described by our group S.

After 6-day stimulation, 4.5x10° stimulated cells were seeded in each well to
assess SARS-CoV-2 specific IgG spots, whereas 4.5x10* and 4.5%103 stimulated

cells were seeded to assess the polyclonal IgG spot detection.

For the detection of specific SARS-CoV-2 mBCs, we used RBD-WASP
(recombinant SARS-CoV-2 Receptor Binding Domain (RBD) of the Spike protein
(aa 319-541) with a C-terminal WASP peptide tag [PDYRPYDWASPDYRD]) at
1:20 dilution; followed by anti-WASP-HRP (horseradish peroxidase) at 1:1000

dilution.
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For the polyclonal IgG detection, mAbs MT78/145-Biotin (1 ug/ml) and
Streptavidin-HRP (1:1000) were used, respectively (anti-human IgG MT78/145 is
a mouse monoclonal antibody to IGHG1, IGHG2, IGHG4, and immunoglobulin
heavy constant gamma 1 [G1m marker]; this biotinylated antibody interacts and
binds to the streptavidin-HRP complex to ultimately generate a detectable signal).
Next, 100 uL of ready-to-use TMB (3,3’ , 5,5'-tetramethylbenzidine) solution was
used as substrate for HRP, in order to develop the reaction until distinct spots
emerge. After the plate was dried, spots were count in the Fluorspot Reader
version 8 (AID® Gmbh, Strassberg, Germany). The ratio between RBD-specific
mBCs over the total polyclonal IgG mBCs in each patient was used as a reliable
approach to characterize the proportion or enhancement of a given RBD-specific
IgG-antibody secreting cell (ASC) within the global IgG-ASC population. This
approach method allows for qualitative and quantitative easy comparisons
between sample stimulations $152,

PBMC'’s from 10 non-immunosuppressed individuals on the waiting list for kidney
transplantation that were obtained 2 years before the pandemic (2018) were used
as healthy controls, and all showed absence of detectable IgG RBD-specific
spots (Supplementary Figure S1).

Any ELISPOT test with non-detectable RBD-specific spots were considered as
negative when assessed in a qualitative manner. Patients showing suboptimal
proliferation results were excluded from the analysis (Supplementary Figure

S1).
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1.4- Assessment of polyfunctional SARS-CoV-2-specific T-cell responses
Briefly, 2x10° PBMCs (in 100 pl) were stimulated with the peptides for 24 hours
for IFN-y, IL-2, IFN-y/IL-2 and 48 hours for IL-21. After washing steps, the
different cytokine fluorospots were detected using primary and secondary
antibodies against each cytokine plus the addition of enhancer. The spots
obtained were automatically counted with the Fluorospot Reader version 8 (AID®
Gmbh, Strassberg, Germany).

In each test, complete medium alone (20% Fetal Bovine Serum (FBS) and 80%
RPMI solution) and Pokeweed (PWM) mitogen were used as negative and
positive controls, respectively. The results were considered after subtracting to
each well the responses obtained in the respective internal negative control well
(Supplementary Figure S3).

As external negative controls, we previously showed'® that pre-pandemic
unexposed individuals to SARS-CoV-2 did not respond to any of the used
overlapping peptide pools of SARS-CoV-2 proteins (never exceeded 5
spots/2x10° stimulated PBMCs).

Any antigen-specific ELISPOT test with less than 5 spots/2x10° PBMC was

considered as negative when assessed in a qualitative manner.

SARS-CoV-2 antigens

The Spike Glycoprotein (S) overlapping peptide pool (PODTC2 protein, S gene)
contained 158 + 157 peptides of >70% purity, the Membrane Protein (M)
overlapping peptide pool (PODTCS5 protein, VME-1 gene) contained 16 peptides
of >70% purity, the Nucleoprotein (N) peptide overlapping pool (PODTC9 protein,

NCAP gene) contained 102 peptides of >70% purity and the Envelope small
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membrane Protein (E) overlapping peptide pool (PODTC4 protein, VEMP gene)
contained 16 peptides of >70% purity. S, M, N and E peptides were reconstituted
in DMSO and PBS and used at a final concentration of 2ug/mL. All SARS-CoV-2
peptides were designed by and purchased from JPT Innovative Peptide Solutions

(JPT®, Berlin, Germany).
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2 - Supplementary Figures

2.1- Supplementary Figure S1. Representative images of RBD-specific and
Polyclonal IgG detection from mBC, prior differentiation to antibody secreting

cells (ASC). No RBD-specific IgG detection was found among healthy donors.

RBD-specific IgG Polyclonal IgG READOUT
spots spots {Ratio of RBD-specific 1IgG
producing mBC)

High Frequencies’ individual 0.38
S8 spots 259 spots
Low Frequencies’ individual 0.01
5 spots 425 spots
Undetectable frequencies
0
(un-exposed donors)
bspots 33 spots
Suboptimal Polyclonal IgG 4 .
detection A INVALID

(NON VALID RESULT)

O spots 32 spots
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2.2- Supplementary Figure S2. Hierarchical cytokine profile of T-cell
responses against main structural SARS-CoV-2 proteins Spike (S),
Membrane (M) and Nucleoprotein (N). Frequencies of IFN-y, IL-2, IFN-y/IL-2
and IL-21-producing T cells were assessed among the six groups of study
(median spots [IQR]).*p<0.05. Detailed data on antigen specific T cell responses

is provided in Supplementary Table 6.
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2.3- Supplementary Figure S3. Representative images of a convalescent SOT
from severe COVID-19 and an un-exposed individual, including specific INF-y
responses against the Spike overlapping peptide pool; Pokeweed mitogen
(PWM), as internal positive control; isolated medium, as internal negative control;

and the readouts after subtraction.

SARS-COV-2 INTERNAL POS. INTERNAL NEG. READOUT
CONTROL CONTROL
(Spike) (PWM) (Medium)
SEVERE SOT . . ‘ 79 spots
80 spots 765 spots 1spot

UN-EXPOSED INDIVIDUAL
(external negative

1 spot
control)

1 spot 700 spots J spots

2.4- Supplementary Figure S4. Percentage of SOT and IC patients with
detectable (Spike)SARS-CoV-2-specific for different cytokine-producing T

cells (IFN-y, IL-2, IFN-y/IL-2 and IL-21).

SARS-CoV-2 specific INF-y T-cells SARS-CoV-2 specific |L-2 T-cells
sOT Ic ! SOT Ic
= FOSITIVE = POSITIVE
B NESATIVE B NEGATIVE
Total49 Total=48 | Total=43 Total=48
SARS-GoV-2 specific INF--IL-2 T-cells ! SARS-CoV-2 specific IL-21 T-cells
sOT Ic 3 soT Ic
B3 PCSITIVE B FOSITIVE
B NEGATIVE B NEGATIVE

Tatal=42 Total=4s Total=43 Total=as
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2.5- Supplementary Figure S5. Global T-cell responses specific to SARS-
CoV-2 (median [IQR] T-cell frequencies against the three main SARS-CoV-
2 immunogenic antigens: Spike(S), Membrane (M) and Nucleoprotein (N))
for SOT and IC patients and for each cytokine assessed (IFN-y, IL-2, IFN-
y/IL-2 and IL-21).*p<0-05. Detailed data on global T-cell responses is available

in Supplementary Table 5.

Median SARS-CoV-2 specific IFN-y T-cells Median SARS-CoV-2 specific IL-2 T-cells

IFMN; SFU (2-10° cells
IL-2 SFU 12:10% cells
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2.6- Supplementary Figure S6. Proportion of patients with detectable

cytokine producing T-cell responses against SARS-CoV-2, according to the

immunosuppression status and infection severity. IFN-y, IL-2, IFN-y/IL-2 and

IL-21 were assessed; *p<0.05

SARS-Co\/-2 specific INF-; T-cells

SEVERE ASYMPTOMATIC

SEVERE AEWI’TOHA'I’IC

AL —— 1053% 5rm fass

IC=19

SARS-CoV-2 specific INF--IL-2 T-cells-

icsm

SEVERE
1g.05% 528%

50T=21

SEVERE

7 B2% S2E1%

50T=11

SARS-CoV-2 specific IL-2 T-colls.



3 - Supplementary Tables. Supplementary Table S1. Correlations between SARS-CoV-2-specific T

IFN-y-producing T-cell frequencies

IL-2-producing T-cell frequencies

S)lgG S)igG-
sl M N E smun | (S)g M N E smn | ()9
-mBc mBc
S R=0.585 | R=0.748 | R=0.085 | R=0.775 | R=0.172 R=0.685 | R=0.840 | R=-0.002 | R=0.884 | R=0.097
p <0.001 | p<0.001 | p=0.438 | p<0.001 | p=0.134 p <0.001 | p<0.001 | p=0.982 | p<0.001 | p=0.400
M R=0.692 | R=0.187 | R=0.825 | R=0.055 R=0.719 | R=0.012 | R=0.831 | R=0.116
p <0.001 | p=0.084 | p<0.001 | p=0.632 p<0.001 | p=0.914 | p<0.001 | p=0.317
N R=0.314 | R=0.937 | R=-0.009 R=-0.021 | R=0.955 | R=0.049
p=0.003 | p<0.001 | P=0.941 p=0.849 | p<0.001 | p=0.672
E R=0.261 | R=0.015 R=-0.047 | R=0.142
p=0.016 | p=0.899 p=0.672 | p=0.232
R=0.053 R=0.090
SMN p=0.643 p=0.438
IL-21-producing T-cell frequencies IL-5-producing T-cell frequencies
S)igG S)igG-
s ™M N E smn | (S)g M N E smn | ()9
-mBc mBc
S R=0.551 | R=0.044 | R=0.546 | R=0.555 | R=-0.126 R=0.831 | R=0.345 | R=-0.020 | R=0.411 | R=-0.106
p<0.001 | p=0.671 | p<0.001 | P<0.001 | p=0.274 p<0.001 | p<0.001 | p=0.858 | p<0.001 | p=0.359
M R=0.132 | R=0.490 | R=0.724 | R=-0.123 R=0.356 | R=-0.006 | R=0.457 | R=-0.116
p=0.199 | p<0.001 | P<0.001 | p=0.288 p<0.001 | p=0.959 | p<0.001 | p=0.315
N R=0.064 | R=0.148 | R=0.091 R=-0.090 | R=0.170 | R=0.042
p=0.561 | p=0.148 | p=0.431 p=0.412 | p=0.097 | p=0.717
E R=0.665 | R=-0.091 R=0.181 | R=0.133
P<0.001 | p=0.447 p=0.100 | p=0.264
R=-0.124 R=0.051
SMN p=0.282 p=0.661
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Supplementary Table S2. Statistical differences and false discovery rate (fdr) for all the immune resp

Heatmap.

OR upper lower p fdr
Serum.lgG..Spike. 7.39E+94 | 6.67E+12 | 1632.243 | 4.99E-11 9.49E-10
Serum.IgG..Nucleocapside. | 43684815 | 3159.71 | 8.874408 | 0.031436 0.039818
Ratio.SARS.CoV.2.sp.mBC | 1.110838 | 1.03992 | 14.6629 | 0.008939 0.012132
INFg_Spike 2.66E+18 | 31853.23 | 59.8249 | 8.81E-05 0.000209
INFg_Membrane 3.41E+08 | 98.6596 | 72.15894 | 4.38E-05 0.000119
INFg_Nucleocapside 1621058 | 180.151 | 15.68984 | 0.007037 0.010286
INFg_Mean 1.46E+11 | 374.6006 | 76.56793 | 3.49E-05 0.000111
IL2_Spike 3.17E+21 | 86520.29 | 77.87009 | 3.27E-05 0.000111
IL2_Membrane 8.71E+10 | 256.8614 | 93.68414 | 1.6E-05 0.000111
IL2_Nucleocapside 2.17E+09 | 841.1752 | 24.3306 | 0.001901 0.00301
IL2_Mean 5.36E+13 | 1330.919 | 80.99657 | 2.82E-05 0.000111
INFg_IL2_Spike 437657.6 | 31.81584 | 42.69751 | 0.000295 0.000561
INFg_IL2 Membrane 78895.12 | 16.4289 | 56.17528 | 0.000111 0.000234
INFg_IL2_ Nucleocapside 217.8021 | 5.180204 | 26.39057 | 0.00147 0.00254
INFg_IL2 Mean 11310.33 | 8.312855 | 82.03516 | 2.68E-05 0.000111
IL21_Spike 0.194398 | 13665.76 | 0.841984 | 0.863796 0.863796
IL21_Membrane 248.8279 | 76080.15 | 1.63368 | 0.62464 0.659343
IL21_Nucleocapside 1.62E+20 | 2.07E+12 | 5.16087 | 0.103981 0.123478
IL21_Mean 1018.098 | 3058.281 | 2.37014 | 0.390272 0.436187
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Supplementary Table S3. IgG titters against Spike and Nucleoprotein (median

UA/mI [IQR]), according to immunosuppression status and infection severity.

SOt Ic VaTue

IgG Spike titters
(UA/mI) 108 [25.85-396.5] 85.8 [16.5-398.5] p=0.581

IgG Nucleoprotein

titters (UA/ml) 6.73 [0.665-33] 34.3[4.425-75.625] | P=0.027
I9G Spike -I 277.5[172.75-763.25] 544 [228-800] p=0.274
titters MILD 76.7 [30.425-209.75] 20.9 [15.5-45.2] 0=0.034
e ASYMP 0 [0-44.1] 19.62 [0-112.775] | p=0.315
lgG -I 15.62 [4.025-33.375 61.8 [36.2-92.1] p<0.001
Nucleoprotein | miLb 7.055 [0.405-49.55] 142 [2.6-56.3] 00403
titters (UA/ml) | Asymp 0.08 [0.08-3.24] 3.345 [0.08-46.4] Y.

Supplementary Table S4. Ratio of IgG producing memory B cells (median [IQR])
against RBD, according to immunosuppression status and infection severity. RBD =

receptor binding domain.

P
SOt 15 Value
Ratio of SARS-CoV-2
IgG-producing mBC 0.0134 [0-0.0557] 0.0116 [0-0.054] p=0.883

Ratio of
0.0193 [0.006-0.0554] 0.0588 [0.0133-0.1889] | p=0.355
SARS-CoV-2

I9G- MILD 0.0093 [0-0.988] 0.0136 [0.002-0.0351] | p=0.808
producing
mBC ASYMP 0 [0-0.0636] 0 [0-0.0306] p=0.898
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Supplementary Table S5. Specific T cell responses (median spots [IQR]) against
SARS-CoV-2 (median of SMN antigens). according to immunosuppression status and

infection severity.

soT Ic var

IFN-y 17 [1-52] 18 [4-43.75] p=0.742

IL2 9 [0-40] 9 [3-35] p=0.575
IFN-y/IL2 3[0-14] 5.5 [2-14] p=0.271
IL21 1 [0-21.5] 11.5 [0-81.5] p=0.204
-l 19 [2-68] 37 [22-81] p=0.124

IFN-y MILD 22 [1-57] 10 [4-28] p=0.751
ASYMP 4[0-17.5] 0 [0-14] p=0.315

” 14 [3-71] 49 [14-90] p=0.111

IL2 MILD 7 [0-52] 7 [3-11] p=0.954
ASYMP 0 [0-1] 0 [0-1] p=0.497

” 5 [0.5-20] 15 [8-32] p=0.047

IFN-y/IL2 MILD 5[0-15 4 [2-7] p=0.795
ASYMP 0 [0-2.5] 0 [0-0.5] p=0.661

3 [0-41.5] 12 [0-109] p=0.688

IL21 MILD 0 [0-22] 33 [0-66] p=0.057
ASYMP 5[0-17.5] 0 [0-57.25] p=0.497
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Supplementary Table S6. Hierarchical cytokine profile of T cell responses against
main structural SARS-CoV-2 proteins Spike (S), Membrane (M) and Nucleoprotein (N).
Frequencies of IFN-y, IL-2, IFN-y/IL-2 and IL-21-producing T cells were assessed

among the six groups of study.

SOT IC P Value
70[2.5-162.5] | 66 [31-162] | p=0.250

16 [0-46.5] | 37[22-94] | p=0.013
15 [0-68] 22[8-52] | p=0.520

S | 41[10-90] 16 [7-34] | p=0.128

IFN-y MILD | M|  4[0-32] 8[4-23] | p=0.767
N| 18[0-57] 10[4-28] | p=0.795

s 1[0-25] 2[0-11] | p=0.878

ASYMP [M | 4[15-12] | 0[0-14.5] | p=0.377

N| 5[0-13.5] | 0[0-8.25] | p=0.400

48112.5-158] | 70 [35-180] | p=0.292
12[2-52] | 50[25-92] | p=0.009
8 [0-52] 25[11-64] | p=0.040

S | 15[5-124] 11[6-17] | p=0.305

IL2 MILD | M 7 [1-22] 5 [2-9] p=0.531
N 2 [0-31] 7 [2-12] p=0.544

s 1 [0-2.5] 0[0-5.5] | p=0.904

ASYMP | M 0 [0-2] 0[0-5.5] p=0.573

N 0[0-1.5] 0 [0-0] p=0.466

6 [2-36] 27 [14-45] | p=0.011
2[0-18] 21 [14-43] | p=0.001

21[0-11] 6[2-19] | p=0.161
S 2 [3-47] 5 [2-7] p=0.357

|FN-YI|L2 MILD | M 2 [0-9] 4 [2-6] p=0.343
N 1[0-10] 3 [2-5] p=0.800

S 0[0-3.5] 0[0-4.25] | p=0.987

ASYMP | M 0 [0-1] 0[0-1.5] | p=0.947

N 0 [0-3] 0[0-0.5] | p=0.537

6 [0-51] 0[0-86] | p=0.915

3[0-24.5] | 10[0-144] | p=0.452
0[0-28.5] | 12[0-109] | p=0.704

:

S| 1[0-37] 37[0-114] | p=0.325

IL21 MILD [M| ([0-19] 27 [0-77] | p=0.163
N 0 [0-18] 25[0-116] | p=0.720

S| 2[0-13] 0[0-116.5] | p=0.968

ASYMP [ M [ §0-38.5] 0[0-69] | p=0.497

N 0[0-12] 0[0-1.75] | p=0.831




Supplementary Table S7. Univariate and multivariate analyses based on binary logistic regression
influencing persistence of SARS-CoV-2 antibody and cellular responses among SOT after 6 month

Gender: female. * Reference symptoms: asymptomatic. OR = Odds Ratio; Uni.=Univariate analysis; N

lgG-Spike lgG-Nucleoprotein IFN-y L2
Univ. OR . Univ. OR Multiv. OR Univ. OR Multiv. OR Univ. OR Multiv. OR L
Multiv
(95% Cl) ’ (95% Cl) (95% CI) (95% Cl) (95% CI) (95% CI) (95% Cl) (
Time after 1.12 1.16 1.20 1.21 1.4 1.05

Transplant (0.97-1.29); NA (1.01-1.35) (1.02-1.40) (1.03-1.43) (1.08-1.83) (0.96-1.16) NA (1
(years) p=0.137 P=0.034 p=0.020 p=0.021 p=0.013 p=0.239 I

1.01 0.98 1.05 1.07 1.08 1.1
Age (years) (0.95-1.06) NA (0.94-1.03) NA (0.99-1.10) (0.99-1.15) (1.02-1.15) (1.02-1.21) (
p=0.86 p=0.642 p=0.078 p=0.086 p=0.007 p=0.008 I
Gender 101 0.81 0.45 1.05 o
(M/F) (0.22-4.53) NA (0.22-2.93) NA (0.10-0.92) NA (0.29-3.8) NA 05

p=0.98 p=0.75 p=0.291 p=0.946

Svmptoms 20 4.25 717 6.89 39.57 32 79.2
(¥E§/NO) (3.56-112.29) NA (0.95-18.84) | (1.13-45.48) | (1.43-33.18) | (1.83-611.07) | (3.48-294.2) (4.44-1412.39) (0.¢
p=0.001 p=0.057 p=0.037 p=0.016 p=0.018 p=0.002 p=0.003 I
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V. DISCUSSION

The coronavirus disease 2019 (COVID-19) pandemic posed a significant burden on global
healthcare systems, collapsing due to the unprecedented viral spread and the lack of
information about the new pathogen. Although immunosuppression has long been
considered a risk factor for severe infections, early reports on cytokine-mediated
inflammation as a feature of COVID-19 raised questions about its protective role in this

36-39

setting and the distinct expressions that the disease might adopt among the

immunocompromised host*°.

In solid organ transplantation (SOT), defining the interplay between infection and
adaptive immunity was important to weigh the risks and the benefits of
immunosuppression adjustment during acute infection. The use of non-proven
therapies and their potential interactions with anti-rejection drugs added further
complexity to these patients' management. Given the lack of available data, a main goal
was to define the clinical characteristics and the primary outcomes for COVID-19 in this
particularly vulnerable patient population, aiming at identifying those at higher risk for
progression. On the other hand, a better understanding of the precise kinetics of SARS-
CoV-2 specific adaptive responses as well as their magnitude, immunodominance, and
durability in SOT were also key issues to solve in order to ultimately improve our
knowledge of immunosuppression's clinical impact and gain insight into immune

protection.

Although the advent of SARS-CoV-2 vaccines provided robust protection against
hospitalization, allowing large communities with high immunization rates to adopt less
stringent public health measures, SOT remained at high risk for progression to severe
disease, given the challenged immunity of these patients as compared with the general
population. Understanding the distinct contribution of SARS-CoV-2 vaccines and
infection to immune memory and their interaction with clinical and demographic factors

has been essential to improve the current management of this vulnerable population.

Notwithstanding, this doctoral thesis was meant to provide some new insight into all
these questions and addressed some of these concerns through three different studies

by which we characterized the clinical course and the adaptive immune trajectories of

120



Document signat digitalment per: ALEXANDRE FAVA BUCH

COVID-19 in the SOT population at the time of the Pandemic onset, yet, prior any active
immunization scheme with novel vaccines were available. Here, characterization of
main clinical and epidemiological factors rending higher susceptibility to worse clinical
outcomes as well as defining de novo adaptive immunity to SARS-CoV-2 at the time of

the first infection and during short and mid-term convalescence were the main goals.

Several single-center cohorts of COVID-19 among SOT were published early after the
outbreak. However, many patients in these series remained hospitalized at the time of
publication’®18, which undermined the precise assessment of hard outcomes; this is
important, given that >20% of SOT deaths occur after the first month of
hospitalization'®!. Furthermore, severe COVID-19 cases were reported as ICU
admissions; considering the limited capacity of the most fragile health systems'8?, thus
a more objective metric was necessary to define severity. Therefore, risk factors for
severe COVID-19 remained unexplored for the SOT population. Hence, our first work
aimed at comprehensively characterizing COVID-19 in a multicentric cohort of kidney
transplant (KT) recipients while defining main risk factors for severe outcomes, on top
of chronic immunosuppressive therapy'83. We established the adult respiratory distress
syndrome (ARDS) as a primary outcome, while reporting a complete follow-up

(discharged/deceased) for all individuals.

In this first study, we showed that moderate-severe COVID-19 in SOT resembled that of
the general population, with fever as a guiding symptom and significantly increased
inflammatory markers among those with the poorest outcomes!’. Hence,
immunosuppression did not seem to modify the inflammatory clinical pattern of COVID-
19, as previously suggested in some reports*®'7°, ARDS was the leading cause of in-
hospital mortality, conferring a 11.4 fold mortality risk. In our patient cohort, 54% of the
cohort met this diagnosis without significant age differences between groups, contrary
to previous reports on the general population®. In addition, half of the patients
developed acute kidney injury. Several studies reported a varying incidence of AKI
among the general population, ranging from 30 to 40%, with increased proportions
among those with preexisting chronic kidney disease or requiring intensive care?3, in line
with our findings. Of note, supra-therapeutic CNI levels were significantly prevalent

among individuals developing severe AKI (KDIGO lI-IIl), collectively supporting that KT
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patients might be at higher risk for this complication. Furthermore, these data
underscored the harmful consequences of the indiscriminate use of some therapies,
such as protease inhibitors, later failing to demonstrate their efficacy!®>. On the other
hand, while we did not find any association between age and the risk of developing
ARSD, we cannot exclude that the sample size of our study could have hampered this
observation. This disease spectrum derived in a high mortality rate of 26.7%, in line with
other hospitalized cohorts of SOT!8187 Now, the elderly were at the highest risk for
mortality, suggesting that while all KT were susceptible to severe forms, fatal outcomes

converged around the oldest.

Finally, in our patient cohort, a generalized immunosuppression reduction in most
patients (>90%) was done, especially among those progressing to severe disease.
Indeed, and akin to other viral infections, transient interruption of immunosuppression
has been widespread during the pandemic, especially among this specific patient
population, where high pharmacological interactions with adverse events were
observed®®. Nevertheless, the optimal management in this setting remains uncertain,
given the lack of supportive evidence. In our work, we did not report any rejection
episodes, while a more extensive study described 1.7% of allograft rejection after
COVID-19, especially among the youngest and those recently transplanted!®. The risk
and benefit balance of immunosuppression withdrawal must be carefully considered in

every case.

Our study has some limitations. Larger cohorts established additional risk factors in SOT,
such as age, recent transplantation?® or chronic mycophenolate use'®%; these factors
did not show statistical significance in our study, which our limited sample might explain.
Furthermore, we exclusively focused on hospitalized KT, underestimating the real
burden of COVID-19 in this population. A massive antibody testing of 855 consecutive
KT revealed a seroprevalence of 10.4%, while just 3.9% reported a previous diagnosis,
thus highlighting the burden of undiagnosed infections'®l. Consequently, we
acknowledge that our results on mortality are restricted to moderate forms, resembling
the outcomes of severe COVID-19 in non-SOT populations during the first wave of the
pandemic33. These figures lead some authors to question the effects of

immunosuppression on the disease3#3°; however, it is crucial to underscore that only
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those studies comprising all outpatient diagnoses can provide a reliable comparison
between SOT and the general population, showing in these cases an increased

progression rate to hospitalization and death for SOT.32163,164

In addition to investigating main clinical and epidemiological variables associated with
distinct clinical outcomes during acute COVID-19, measuring adaptive immune
responses to SARS-CoV-2 in SOT was an additional relevant objective in order to gain
insight into each individuals' capability to respond during acute viral infection as well as

to prevent future reinfections.

In the second study of this thesis'?, we investigated the magnitude and kinetics of both
serological and specific T-cell responses to the four structural viral antigens (S,M,N,E) in
SOT during the acute infection phase. Importantly, due to the absence of standardized
cut-offs for humoral and cellular readouts, we included a control group of
immunocompetent (IC) subjects admitted with similar COVID-19 severity at identical
time points. Herein, we first showed that SOT are capable of developing a wide range of
SARS-CoV-2 specific adaptive responses, comparable to IC patients, after COVID-19.
Antiviral cytokine-producing T-cell responses were assessed with a multicolor
FluoroSpot, showing a Th1 skew with high frequencies for SARS-CoV-2 specific IFN-y, IL-
2 and co-producing IFN-y/IL-2 T cells. While IL-5 responses were barely identified, IL-6-
producing T-cell frequencies were detected in all patients, including in healthy controls
(HC), suggesting an antigen-independent production?®. As described in the general
population, Spike-specific T cells exhibited the greatest frequencies, whereas the
Envelope was the less immunogenic of the viral structure. Likewise, all the participants
showed detectable 1gG antibodies at short-term convalescence, regardless of their

immunosuppression state.

Nonetheless, at the disease onset, SOT showed lower T-cell frequencies (especially
against M) and IgG seroconversion rates compared with IC individuals, displaying a more
persistently detectable IgM in the circulation during the follow-up. Given the
homogeneous disease severity of both groups at the enroliment, these data suggest a
certain immune delay among SOT, as also reported by others'’%1%4, In our work, SOT

displayed higher rates of mechanical ventilation and death. Specifically, those SOT with
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the poorest outcomes revealed even further immune abrogation at this phase, showing
the lowest 1gG seroconversion rates (62.5%) and IL-2-specific T-cell frequencies at the
baseline. We believe that, although the number of patients evaluated is low, this may
be a pretty good prognostic biomarker of disease outcomes among this patient

population.

Longitudinal immune analyses in the general population support the critical role of early
adaptive immunity during COVID-19. Indeed, prompt SARS-CoV-2 specific CD4+ and
CD8+ responses have been associated with milder disease®®!” and shorter viral
clearance!!®, Of note, increasing SARS-CoV-2-specific T-cell frequencies and antibody
titters negatively correlate to viral loads during the infection®®%°, indicating a dynamic
interplay between de novo immune responses and viral shedding. Conversely, delayed
humoral responses have also been associated with the poorest outcomes!>114115,
Hence, the available literature suggests an early critical time window to limit disease
severity and improve viral control. In fact, interventional trials have demonstrated
significant benefits from antibody-based therapies when administered shortly after the
diagnosis®®!%7, lacking efficacy in severely affected individuals!®®. In line with these
data, our work suggests that chronic immunosuppression might influence the early
immune trajectories of SOT, ultimately leading to a longer viral shedding and

progression risk reported in the literature.

We did not find evidence for T-cell immune cross-reactivity in our study, as reported by
othersi®19 |mportantly, we used the same stimuli and readout methods in a cohort of
PBMC from waitlisted KT patients stored in our biobank from up to 2 years before the
pandemic outbreak. However, cross-recognition has been described in a wide range of
patients, in between 20-50% of pre-pandemic donors'?7:130200 These discrepancies are
likely to rely on distinct antigenic dominance and cell-stimulation methods. On the one
hand, un-exposed donors show the highest reactivity against non-structural proteins
(NSP), with marginal responses directed to structural (S,M,N) viral antigens*272%0, On the
other, the greatest proportions of cross-reactivity have been reported when employing
prolonged times for in vitro PBMC stimulation (9-15 days)3%14°, leading to increased

detection of low-frequency naive but not memory T-cell responses. The shorter
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stimulation period and the restricted usage of structural proteins in our assays may

explain these results.

Last, but not least, we further investigated the non-antigen-specific T-cell effector
functions during COVID-19 by means of Influenza peptide and PWM polyclonal
stimulation in order to understand the status of the global adaptive immune response
in these patients. Remarkably, both groups displayed significantly reduced IFN-y and IL-
2 responses compared to the HC group, which progressively restored over time,
indicating a global T-cell functional impairment as a hallmark of the acute disease. Other
works have also reported a decreased cytokine-producing capacity after ex-vivo pan-T-
cell stimulation (non-SARS-CoV-2 antigens) in COVID-19 patients?°172%3, These findings
might explain, to some extent, the significant incidence of other viruses reactivation
(mainly herpesviridae) reported in 20-30% of severe infections?%429, Accordingly, many
studies suggested an exhausted CD8+ phenotype as a pathogenic immune mechanism
based on the expression of inhibitory receptors such as PD-12%. Nonetheless, despite
these features in the global T-cell compartment, specific SARS-CoV-2 clones show intact
effector capacities?”’, already in a very early phase of the disease.

In sum, our second study shows that SARS-CoV-2 elicits robust adaptive immune
responses also among SOT, albeit with a notable delay in their kinetics (Figure 6).

Moreover, we describe a functional abrogation of the non-specific T-cell compartment

Figure 6: De novo adaptive immune kinetics during COVID-19 in SOT
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during infection, altogether challenging the hypothesis of the beneficial role of T-cell

targeting immunosuppression in COVID-1937:38,

Since immunological memory is the basis for durable protective immunity, exploring the
maintenance and magnitude of the SARS-CoV-2 immunity elicited in SOT may have
important implications for guiding preventive strategies. Our third study aimed to
carefully evaluate both humoral and cellular immune memory in a cross-sectional
comparison of 53 SOT and 49 IC individuals beyond six months after COVID-19. Given
the broad spectrum of the disease with a significant proportion of asymptomatic
infections, also among SOT®®!, we included all forms of disease expression in our study
to evaluate its influence and provide a more granular immune characterization.

While confirming that COVID-19 provides detectable peripheral immunity at the three
main immune compartments (serological and memory B and T cells) in IC individuals, we
showed that SOT are similarly capable of maintaining long-lasting immune memory
responses after SARS-CoV-2 infection. Notably, robust immune responses were found
among those SOT with the longest follow-up (up to 355 days after infection), thus
suggesting that infection-derived immunity may last for long periods of time in this

group of patients despite being on stable chronic immunosuppression.

In particular, 81.13% of SOT displayed detectable anti-Spike IgG antibodies, consistent
with other published studies in SOT showing up to 82% of detection nine months after
COVID-19%%, Furthermore, we described for the first time the presence of long-lasting
functional 1gG-producing mBC in the circulation in 70% of convalescents SOT,
demonstrating its capability to differentiate and produce specific antibodies upon
antigen recall, which is of utmost importance considering the waning nature of
circulating antibodies. Nonetheless, the longitudinal analysis conducted in a sub-group
of severely affected patients confirmed a significant decline in anti-IgG titters.

Comparable SARS-CoV-2 specific Thl responses were also detected in both groups
against all the structural (S,M,N) antigens, in accordance to previous reports?%°. On the
other hand, a hierarchical reactivity was dominated by antigen S, as reported by

others96127.209 including the second study of this thesis%2.

126



Document signat digitalment per: ALEXANDRE FAVA BUCH

To note, although no major differences were generally observed between SOT and IC,
the former group displayed relatively reduced anti-N antibody titers?'%21* and a clearer
decline of SARS-CoV-2-reactive cytokine-producing T-cell frequencies over time. In
addition, while the humoral and T-cell compartments positively correlated, this pattern
was mainly driven by the IC group, which might also reflect, to some extent, the effects
of chronic immunosuppression?®. However, the most significant evidence of
immunosuppression’s influence was the faster immune waning associated with recent
transplantation, which has also been reported in other infection settings!’62% as well as

in vaccine-derived?*?-24 immunological studies.

Heterogeneity is a central feature of SARS-CoV-2-induced immunity. Notably, a gradient
of immune responses from the more severe to the milder and asymptomatic groups was
clearly delineated in both groups, with less than 40% of asymptomatic infections
showing detectable responses after six months. Thus, our study describes that disease
severity was the most important factor determining long-term immunity, in accordance
with other works done within the generalt?3104197 and SOT?% population. A potential
explanation for these findings relies on the viral kinetics during infection. SARS-CoV-2
plasma viral loads have been associated with poorer outcomes in hospitalized
individuals’%2%5, In addition to severely affected subjects, the elderly and the
immunosuppressed show the longest virus persistence®’. Notably, these groups of
patients exhibit the greatest specific T-cell responses and 1gG titers upon recovery?16217,
Hence, the available data suggest that a higher antigen exposure during infection might

trigger more robust and long-lasting immune responses.

Thus, in this third study, we show that patients with a SOT are capable of maintaining
long-lasting humoral and cellular immune memory after COVID-19, mainly determined
by the degree of infection severity. However, these immune responses might be
challenged among those recently transplanted in whom residual effects of strong

induction therapy may still be present (Figure 7).
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Figure 7: Immunological memory after COVID-19 in SOT
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These two last works do also have some limitations. First, the small sample size, which
was directly influenced by the difficulty in obtaining biological samples during the
pandemic. Given the low number of asymptomatic diagnoses during 2020, these
patients were underrepresented in our third study; however, the consistent results
observed within this group significantly counterbalance this constraint. Second, we
could not describe the predominant T or B-cell subset phenotypes in our cohorts.
Nonetheless, our FluoroSpot assay allowed their functional assessment at the single cell
level, which provides an accurate qualitative and quantitative measure of cytokine-
producing cells detected in the circulation, which ultimately describes their immune
effector function. Also, the inclusion of a non-immunocompromised control group
provided a better understanding of the magnitude of these responses. Finally, our
immune evaluation was restricted to the original SARS-CoV-2 strain due to the infection
period (March to October 2020), so we cannot fully ensure whether these data would
replicate with the current VOC. Of note, a recent humoral assessment in kidney
transplants showed that COVID-19 triggered higher neutralizing antibodies against
distinct VOC than vaccinated naive individuals, which was also valid for those infected
with the original strain?!®, On the other hand, it has been shown that viral T-cell epitopes
of current VOC, such as Omicron, remain conserved®>!. Even though our results do not

show evidence of immunogenicity or protection for current variants, they provide
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insights into the potential contribution of infection to the SARS-CoV-2 immune memory

in SOT.

e Perspective of the results of this Thesis studies with vaccine-derived immune

responses in SOT

According to the literature, the immune phenotypes defined in our works entirely
diverge from those elicited by SARS-CoV-2 vaccination in naive SOT subjects, defined by
greater proportions of primary non-responders and a rapid decline following the three
mRNA doses.

Thus far, direct comparisons between infection and vaccine-derived immunity have
been barely investigated, given the modest impact of previous pathogens compared
with the SARS-CoV-2 outbreak. However, some works in healthy individuals revealed a
faster humoral decline and diminished cellular responses after Influenza vaccination
compared to the viral infection?'*220, which has also been documented among SOT?2?,
In this line, two distinct publications comparing SARS-CoV-2 infected and vaccinated SOT
individuals revealed stronger serological responses in the former group??2223, which is
consistent with our findings.

The enhanced responses in previously infected SOT individuals after vaccination further
support the role of convalescent immunity??42%’, In this setting, even a single mRNA
vaccine dose has shown to trigger significant antibody responses??®, achieving
comparable 1gG titers to healthy volunteers, thus underscoring the potent recall

responses derived from prevailing immune memory.

Our findings on infection-derived immunity might have some implications for the SOT
population. First, SARS-CoV-2-specific immune memory derived from previous SARS-
CoV-2 infection should be highly considered in future vaccine immunogenicity studies in
SOT, given the bias that this might confer. On the other hand, it is still a matter of
investigation whether the immune responses elicited by COVID-19 in SOT are protective
against re-exposure or disease progression. Notably, in a prospective study
encompassing 873 renal transplant patients, while none of the convalescents (N=137)

developed symptomatic reinfection during the follow-up, 20 individuals developed
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COVID-19 in the un-exposed, vaccinated group (N=736), concluding that infection
confers some grade of protection against subsequent COVID-19 in SOT?%2,

Due to the increasing number of breakthrough infections combined with varying
proportions of three/four booster vaccine doses, SOT patients might exhibit a mixture
of infection and vaccine-derived immunity whose impact on protection should be
addressed. This knowledge is urgently needed to improve patient-risk stratification,
management, and the development of vaccination policies for this more vulnerable at-

risk patient population.

130



HONY VAVA HYANVXHTY :1ed juswreiibip jeubrs juswnooq



Document signat digitalment per: ALEXANDRE FAVA BUCH

VI. CONCLUSIONS

Chronic immunosuppression in SOT does not significantly modify the clinical
presentation of COVID-19, characterized by systemic inflammation, with fever as the

most commonly reported symptom.

Adult respiratory distress syndrome (ARDS) is the leading cause of mortality in
kidney transplant (KT) recipients infected with SARS-CoV-2, which may occur across
all age groups, especially among obese and those with underlying pulmonary

diseases.

Hospitalized KT with COVID-19 have a remarkably high mortality rate, whit most

deaths converging within the elderly, particularly those over 60 years old.

SARS-CoV-2 infection elicits robust adaptive immune responses in SOT, comparable

to immunocompetent individuals.

SARS-CoV-2-Specific T-cell responses display a predominant Thl cytokine pattern,
with a clear immunodominance exhibited by the Spike antigen over the other

structural viral proteins.

Compared to immunocompetent patients, SOT show a relative delay in adaptive
immune kinetics at the acute infection onset, which could explain the persistence of

viral replication in this group of patients.

A generalized T-cell functional abrogation defines moderate/severe COVID-19 in
both immunosuppressed and immunocompetent individuals, and a particularly
hampered seroconversion and IL-2-specific T-cell responses may be observed among

those SOT with the poorest subsequent clinical outcomes.

Patients with a solid organ transplant are capable of maintaining long-lasting
peripheral immune memory at different adaptive immune compartments after
COVID-19 infection, which is directly modulated by the clinical severity degree of
COVID-19.
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