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1 | INTRODUCTION

The recent outbreak of a severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection and the resulting dis-
ease, COVID-19, has caused significant morbidity and mor-
tality in all countries with more than 2.6 million deaths and
over 110 million infected people (Johns Hopkins Coronavirus
Resource Center) as of March 2021. SARS-CoV-2 shares
multiple similarities with SARS-COV,1’2 and this is illus-
trated by similarities between their spike proteins.3 An im-
portant target protein expressed on host cell membranes with
a key role in COVID-19 infection is Angiotensin Converting
Enzyme 2 (ACE2). In the steady-state ACE2 has arole in reg-
ulating blood pressure but in the COVID-19 setting, ACE2
becomes a portal for viral entry to the cell. Upon the viral
spike protein priming by the trans-membrane protease ser-
ine 2 (TMPRSS2), ACE2-mediated SARS-CoV-2 infection
of the cell was shown by cryoelectron microscopy. SARS-
CoV-2 spike protein directly binds to ACE2*® with an even
higher binding affinity than the spike protein of SARS-CoV.’
The importance of ACE2 in infection was demonstrated by
a model of overexpression leading to more severe disease in
mice.” Further studies (reviewed in®) confirmed the critical
role of ACE2 in allowing SARS-CoV-2 to enter host cells.

Many organs targeted by SARS-CoV-2 infection express
ACE2, including the alveoli of the lung, which are covered with
ACE2-expressing epithelial cells. However, ACE2 expression
is not restricted to epithelial cells. It is present in multiple ex-
trapulmonary tissues including heart, kidneys, upper airways,
the intestine, and blood vessels.*'> Expression of ACE2 is par-
ticularly detected on arterial smooth muscle cells as well as
both arterial and venous endothelial cells.'? Dysfunction of the
endothelium contributes prominently to the pathophysiology
of COVID-19 and has been recently reviewed, with intricate
disruptions of clotting, permeability, vascular tone, and angio-
genesis.13'16 In this review, we focus on the involvement of en-
dothelial cells (EC) in inflammatory and immune responses to
infection with SARS-CoV-2, together with alterations in T and
B-lymphocytes, and monocytes, which are major cell types in-
teracting at focal areas of cell recruitment and immune tuning
in the vessels of infected tissues.

1.1 | Relevance of endothelial cell immune
responses in SARS-CoV-2 infection

Different immune cell types converge at the barrier formed
by EC. The innate and adaptive activities of endothelial
cells, alongside the functions of assembled immune cells at
a focal point in capillaries, create potential for the exchange
of signals and dynamic fine-tuning of immune responses.
Endothelial dysregulation in patients with COVID-19 has
been strongly supported by the case reports of patients with

endotheliitis in distinct vascular beds of different organs
(lung, small intestine, heart, liver, and kidney) and evidence
has been provided for direct viral infection of the EC and dif-
fuse endothelial inflammation.'®

The ability of SARS-CoV-2 to infect human blood vessels
was demonstrated in a study of capillary organoids developed
from human induced pluripotent stem cells.'” The validity of
using such organoids to model vessels was underlined by their
resemblance to human capillaries characterized by a lumen,
a CD31% endothelial lining, coverage by PDGFR™ pericytes
and the presence of a basal membrane.'® This was especially
important regarding the mechanism of infection by SARS-
CoV-2 because the size of infectious viral particles has been
estimated as 80-100 nm,6 therefore even in the absence of tis-
sue damage, traffic of the virus into the affected organs may
occur after infection of vascular endothelial cells.

Evidence for modifications to the endothelium follow-
ing infection has been demonstrated by assessing circulating
biomarkers of endothelial function in COVID-19 patients.19
Both soluble E-selectin and Angiopoietin-2 were highly in-
creased in a cohort of forty patients and whole blood gene
expression analysis showed that increased E-selectin associ-
ated with the degree of severity of disease in hospitalized pa-
tients. These data argue for altered endothelial function due
to SARS-CoV-2 infection and in view of the role of the en-
dothelium in immunoregulation, altered endothelial function
may contribute to COVID-19 disease. Historically, the endo-
thelium was mainly considered as a barrier covering a vast
surface area within the individual, the endothelial lining of
blood vessels alone has been estimated as 350 m>.2° However,
it is not a homologous structure: macrovascular endothelium
overlies arteries and veins while the microvascular endothe-
lium covers arterioles, capillaries, and venules. As well as
their barrier function between the circulation and the tissues,
EC from different sites have functional specializations ac-
cording to their tissue localization and activation status. The
heterogeneity of EC types observed in different organs and
in different vascular beds underlies the non-uniformity of en-
dothelial functions.>! Recent data have pointed to the role of
EC in the maintenance of immunological homeostasis and
expression of viral, cytokine and toll-like-receptors allows
EC to sense infectious threats and rapidly respond to inflam-
matory stimuli.

In the steady state, the constitutive but low level of ex-
pression of Human Leukocyte Antigens (HLA) molecules,
co-stimulatory and adhesion molecules permit endothelial
maintenance of barrier function with minimal risk of initi-
ating blood cell activation. However, under inflammatory
conditions, increased expression of HLA and adhesion mole-
cules (eg, ICAM-1, VCAM-1) promotes circulating immune
cell recruitment and lengthened interactions with the endo-
thelium that may ultimately contribute to transendothelial
migration (TEM) mediated by three steps: rolling, activation



DEGAUQUE ET AL

3of14

and arrest. The molecular pathways involved in TEM vary ac-
cording to the type of cell recruited, the vascular bed as well
as the inflammatory signal, and TEM may be either paracel-
lular or transcellular.”* Because the expression of individual
receptors and/or ligands varies according to the vascular bed
and the inflammatory response, they play an active role in
TEM. The endothelium also controls TEM by concentrating
adhesion molecules and actin in the membrane surrounding
leukocytes as they migrate (reviewed in 22). Yang et al re-
ported that ICAM-1 expression controlled transcellular TEM
and that it was increased by over-expression of ICAM-1%
and the role of endothelial ICAM-1 expression in TEM was
corroborated by van Buul et al.** However, because of the
exceptional thinness of lung capillaries TEM may not follow
the schema described above.?

Increased expression of HLA and adhesion molecules per-
mits EC to present antigen to CD8 and CD4 T lymphocytes
although naive T cell activation by human EC is obstructed by
the lack of CD80 and CD86 co-stimulatory molecule expres-
sion, this results in selective activation of memory T lympho-
cytes.26 Endothelial cell activation also promotes maturation
of memory CDS into cytotoxic T lymphocytes, some of which
are specific for EC targets27 and the differentiation of Th17
CD4 in response to EC production of IL-6.%* Amplification of
the Th1 subset by EC has been observed in vitro and in vivo
in a model of vascular allograft transplantation.”’30 The com-
plement cascade has also been implicated in EC mediated T
lymphocyte activation after triggering of the NLRP3 inflam-
masome and endothelial production of IL-18.3

1.2 | Altered function of ECs in SARS-
CoV-2 infection

Several studies of SARS-CoV-2 infection have pointed out
its unique inflammatory response in vitro, in animal mod-
els and in patient samples.32 The orientation of the immune
response is associated with different clinical outcomes and
COVID-19 disease appears to be bi-phasic with an initial
stage of infection followed by an aggressive and sustained
cytokine storm. Localization at the interface between the cir-
culation and the tissues assigns a key role in signaling blood
borne pathogens to EC, mediated by expression of PRR and
DAMPS. Moreover, expression of cytokine receptors allows
EC to rapidly react to inflammatory mediators and to amplify
inflammation by increasing adhesion molecule expression.
In this context, both micro and macro-vascular EC produce
high levels of pro-inflammatory cytokines and immune-cell
attracting chemokines after activation either by other pro-
inflammatory cytokines; antibody-binding; danger receptor
activation or cellular interactions.*** The co-stimulatory
molecule PD-L1 is expressed by EC in the steady-state and is
highly increased in the presence of inflammation. However
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PD-L1 may have a broader role than reported in immune
regulatory responses, since PD-L1 ligation has been recently
implicated in endothelium activation and permeability to leu-
kocytes.36 The adhesion molecule E-selectin, also involved
in EC permeability, is only expressed by activated cells and
is increased by inflammatory cytokines.

Although there is limited information concerning the ef-
fect of SARS-Cov-2 infection on endothelial permeability,
existing data from both two and three-dimensional models
of the human blood-brain barrier suggest disruption of the
endothelium in the presence of the spike protein subunits.
The impaired barrier function was simultaneous to increased
expression of adhesion molecules and production of pro-
inflammatory cytokines and occurred without any change
in endothelial Viability.37 However endothelial apoptosis
has been reported after histological analysis of endothelial
cells in the small intestine of a patient with COVID-19 dis-
ease.'® When EC viability in patients with Covid 19 was
monitored by studying circulating CD146" EC, significantly
fewer apoptotic cells were detected than in healthy controls.
Also, a positive correlation between the number of copies of
SARS-CoV-2 RNA in the cellular fraction and the propor-
tion of apoptotic circulating endothelial cell progenitors was
observed in patients with severe COVID-19, these data may
suggest modified endothelial cell turnover in order to repair
vascular damage in SARS-CoV-2 infection.*®

Production of extracellular vesicles (EVs) by endothelial
cells has been examined after SARS-CoV-2 infection, and
Krishnamacary et al reported that the contents of circulat-
ing EVs in plasma differ according to the severity of disease.
The results of this study reiterate the importance of certain
factors already described, for example ACE2 was present in
circulating EVs, and factors indicating endothelial perturba-
tion (TNF superfamily and IL-6 family proteins) were higher
in EVs from patients with severe and moderate disease.*
Extracellular vesicles from patients with severe disease were
enriched with a protein marker of macrophages, CD163, in
comparison with EVs from patients with moderate disease.
Extracellular vesicles containing such cargo may contribute
to the inflammation associated with COVID-19. Moreover,
the same authors report that human pulmonary microvascular
ECs underwent more cell death when exposed to EVs from
patients with severe disease compared to EVs from asymp-
tomatic patients. Finally, markers of endothelial activation
were also increased in circulating EVs from patients, includ-
ing Tissue Factor and von Willebrand Factor.

Endothelial cells play an important role in the thromboin-
flammatory as well as the coagulation response. They are
characterized by their ability to synthesize Weibel-Palade
bodies (WPB), specialized storage vesicles containing von
Willebrand Factor, P-selectin, Angiopoetin-2, and chemokines
implicated in these responses. In the context of SARS-Cov-2
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infection, modified thrombotic and coagulation responses
have been extensively reported (Reviewed in 13 and 40).

1.3 | Cytokine profiles and endothelial cells
in SARS-CoV-2 infected patients

Severely flawed type I IFN responses have been recently
linked to high blood viral load in patients with severe and
critical COVID-19 versus mild to moderate disease.*' A fur-
ther study of a cohort of 63 patients with COVID-19 reported
the association between circulating IP10 levels and differ-
ent degrees of disease severity as well as the ability of IP10
measures to discriminate severe from moderate and moder-
ate from low levels of illness. This association between IP10
and disease severity was also reported in an early study of a
COVID-19 patient cohort in China.** IP10 levels also cor-
related with IL-6 and IL-10, however neither IL-6 nor IL-10,
selectively associated with different degrees of disease sever-
ity. Thus, the flawed IFN type 1 response correlated with an
excessive NF-kB driven inflammatory response associated
with heightened TNFa and IL-6 levels. The high serum levels
of IL-6 and TNFa measured upon admission to hospital have
been validated as predictors of disease severity and death
independently of demographics, range of comorbidities,
hypoxia and common laboratory inflammation markers.*
Interestingly, this study examined both protein and transcrip-
tional levels of IL-6 in peripheral blood, IL-6 protein was
hugely elevated, but this increase was not reproduced at the
transcriptional level. IL-6 inducible genes were also highly
increased (IL-6R, STAT-3). The authors pointed out that the
discrepancy between RNA and protein levels may be due to
IL-6 and TNF originating from non-circulating cells such as
endothelial cells.*' The concentration of IL-6 in blood did not
correspond with the expression level in monocytes.**

IL-6 has been repeatedly associated with the COVID-19-
associated cytokine storm with highly elevated circulating
levels detected by different laboratories. Endothelial cells in
the steady state secrete IL-6 and this is a recurrent response
of EC to activating stimuli; constitutive IL-6 production by
endothelial cells is increased under inflammatory conditions,

by interaction with non-HLA matched PBMC, by antibody
binding45 and by TLR mediated activation.’**® Secretion of
IL-6 is amplified following EC activation in vitro and in vivo
in models of organ transplantation.28’29 Up-regulation of
IL-6 and chemokines implicated in the recruitment of neu-
trophils, monocytes, T lymphocytes and natural killer cells
were reported in serum samples from patients as well as in-
creased chemokine gene expression in post-mortem lung bi-
opsy material.*® This indicates that SARS-CoV-2 infection
activates existing mechanisms of cellular recruitment within
tissues. Increased CCL2 was associated with low numbers
of circulating inflammatory monocytes in infected patients.*!

Since it has been reported that CCL2 production by EC is
downstream of IL-6 signaling‘”’48 the observation that treat-
ments with an anti-IL-6R monoclonal antibody are effective
in COVID-19 infected patients may be a result of the dis-
ruption of inflammatory mechanisms activated by IL-6.%°
Microvascular EC also secrete RANTES and this is further
increased by endothelial activation,35 leukocyte recruitment
by RANTES may contribute to their localization at partic-
ular sites of endothelial activation (resumed in Figure 1).
Finally, in an IL-6-rich inflammatory setting, EC differen-
tiation of pro-inflammatory CD4 T subsets (Th17 and Thl)
is promoted in vivo and in vitro whereas inhibition of IL-6
interaction with the IL-6R by an anti-IL-6R monoclonal an-
tibody inhibited Th17 differentiation and biased HLA-DR
dependent CD4* differentiation towards a CD54-dependent
Treg expansion.zg’29 The level of IL-6 production may control
whether the environment is more permissive to Treg or to
pro-inflammatory T-CD4" differentiation by the endothelial
cell (see Figure 1).

Endothelial cell activation resulting from signals in the
underlying infected and inflamed tissue or from direct in-
fection by the virus induces a pro-adhesive and chemokine-
producing phenotype that will ultimately recruit circulating
blood cells into the tissue. This cell influx, including mono-
cytes and lymphocytes, will also exploit contact-dependent
mechanisms to contribute to innate and adaptative immune
responses and viral clearance as well as detrimental inflam-
matory responses leading to tissue damage.

1.4 | Monocyte activation in SARS-CoV-2
infected patients and tissue infiltration

During inflammation, large numbers of monocytes are re-
cruited to the tissues and differentiate into inflammatory
dendritic cells and macrophages. Recruited cells may also
retain their monocyte phenotype after transmigration and are
identified as inflammatory monocytes.5 ! The proportion of
CD16* monocytes is dramatically increased during inflam-
mation. Their numbers in the blood will determine their
availability to interact with endothelial cells in inflamed tis-
sues. Assigning a function to different monocyte populations
has been difficult and controversial. Recent data indicate that
inflammatory and anti-inflammatory functions are not exclu-
sive to any of the commonly defined subpopulations.52

To identify biomarkers of disease progression in
COVID-19 patients, associations between disease severity
and blood monocyte phenotypes were analyzed in numerous
recent studies. Discrepancies between results were frequent
and may be magnified by the lack of clear-cut markers and
boundaries between monocyte subpopulations, by the time
at which samples were collected in a new infectious diseases
with a highly variable incubation time and disease course,
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FIGURE 1 Roles of Interleukin-6 produced by endothelial cells in inflammation and immune responses in the course of SARS-CoV-2

infection. Epithelial cell infection via the ACE2 receptor induces the production of cytokines and chemokines that activate proximal endothelial
cells (EC). Activated EC strongly up-regulate their expression of IL-6, a pleiotropic alarm signal, which contributes to the development of immune
responses (via direct signaling) and also to further inflammation after binding soluble IL-6R. IL-6 together with tissue and induced cytokines and

chemokines such as CCL2 activate and recruit blood leukocytes. Activated and differentiated cells infiltrate infected tissues and target viruses

and infected cells. Failure to eliminate the virus, to down-regulate cytokine and chemokine expression and to limit tissue damage will result in

amplification loops of inflammatory responses with increased endothelial permeability and further recruitment of activated immune cells. IL-6 and

soluble IL-6R (red arrows) appear as major targets for therapeutic intervention

in addition to monocyte heterogeneity in the human pop-
ulation.”? A study of a cohort of mostly severe COVID-19
patients found minor modifications in monocyte popula-
tions compared to recovered patients and healthy controls.™
However, others identified dramatic variations in monocyte
subpopulation frequencies and phenotypes. CD169, a type
I interferon inducible receptor, was overexpressed in mono-
cytes of COVID-19 patients.54 CD169" activated monocytes
included classical, intermediate and nonclassical mono-
cytes, and were found exclusively in SARS-CoV-2-infected
patients.55 In mild cases of COVID-19, the monocyte com-
partment consisted almost exclusively of CD169" clusters.
Extending these results, SIGLEC-1, an interferon-stimulated
gene that encodes CD169, was one of the most highly ex-
pressed genes in classical monocytes in mild COVID-19.%
CD169 expression was noticeable in a fraction of classical
monocytes in mild disease and was lower in severe forms.

CD169 expression correlated with IFNa plasma levels.
Expression of CD169 in monocytes was no longer detected
10°% and 20 days55 after the onset of symptoms.

Intermediate CD14*CD16* monocytes express CCR2 and
CX3CRI and are increased in numerous diseases, including
infections, inflammatory syndromes, and auto-immune dis-
eases. Accordingly, in mildly affected COVID-19 patients,
the proportion of intermediate monocytes was strongly in-
creased’”” and they expressed interferon-stimulated genes.5 !
However, no increase of this population was found in severe
patients.57’59 In contrast, others described elevated propor-
tions of these cells in moderate and severe patients.f’o’61 Still,
intermediate monocytes were significantly reduced in mild
COVID-19 patients and were found at higher levels in some
patients with severe disease compared to healthy controls,>
an increase also found by others.%? Intermediate monocyte
clusters expressed high CD11c and HLA-DR.®



DEGAUQUE ET AL

M?ASE‘BJOURNAL

Nonclassical ~CD14%™CD16% monocytes  express
CX3CR1, a receptor for fractalkine (CX3CL1), and include
cells monitoring the integrity of the vasculature as well as
monocytes capable of extravasation into inflamed tissues.
The proportion of nonclassical monocytes was found to
be reduced in all COVID-19 patients®*®* or only in severe
COVID-19°%9%3%62 and the decrease correlated with high
plasma IL-6 levels.® A more in depth analysis identified a
reduction only in a specific fraction of nonclassical mono-
cytes in moderate and severe patients.f’o This subset also
identified as Slan* non-classical monocytes is known as
strong activator of immune responses in cooperation with
CD4 and CD8 T cells, and with NK cells. In contrast, the
remainder of CD14%™CD16" monocytes were present in se-
vere patients and strongly reduced in moderate patients with
higher expression of HLA-DR, PD-L1, and PD-L2. Reduced
levels may relate to tissue infiltration or sequestration with a
consequent rise in inflammatory responses. In contrast, non-
classical monocytes were found elevated in some severe pa-
tients and reduced only in mild COVID-19.%

Classical CD14*CD16 monocytes strongly express CCR2
which binds MCP-1 (CCL2), and form the bulk of monocytes
in the steady state. The proportion of classical monocytes was
higher® or lower™ during mild disease compared to healthy
controls and was normal in late recovering severe patients.65
In all patients, classical monocytes had increased expression
of IL1p and a pattern of IFN-activation. In mild COVID-19,
activated HLA-DR"¢" CD11c"E" CD83* classical monocytes
were found in greater numbers, and this phenotype was sus-
tained over 4 weeks together with an interferon-stimulated
gene activation pattern.63 This contrasted with the profile de-
tected early in severe patients with HLA-DRY™ CD163"¢"
classical monocytes (suggestive of anti-inflammatory poten-
tial), that evolved to HLA-DR*™ S100A"" in the later phases
of disease. This population was highly heterogeneous and
seven sub-clusters were identified. Notably, variable expres-
sion of CD62L, CD11c, and Ki67 defined the most abundant
clusters. Related HLA class II™ classical monocytes were
found in different cohorts of severe COVID-19 patients.%’sg’4
This phenotype was correlated with higher plasma levels of
IL-6."° An overall immature monocyte phenotype suggestive
of cells produced during emergency myelopoiesis as seen in
sepsis was also described.® Higher disease severity was as-
sociated with stronger CD1 1b.%

Cytokine secretion is an essential function of monocytes
that can be altered quantitatively, leading to hyper- or hypo-
reactivity, and through activation of different gene expression
profiles affecting the pro- or anti-inflammatory character of
the immune response. Scarce and conflicting data are avail-
able in COVID-19 patients. IL13 and CCL3 were strongly
expressed in monocytes.65 Yet, in severe patients hospitalized
in ICU, pro-inflammatory cytokine genes TNF, IL-6, IL1p,
CCL3, CCL4 or CXCL2 were not expressed by peripheral

monocytes.®® Monocytes also express numerous receptors for
cytokines and chemokines that induce specific responses in
the cells. Associations between soluble factors present in the
environment and the presence of monocyte subpopulations
and phenotypes were sought in COVID-19 patients. At early
stages of the infection, the occurrence of CD169* monocytes
correlated with the presence of MCP-2 and IFNy.”® This as-
sociation persevered during mild disease. At later stages, full
recovery of nonclassical and intermediate monocytes was
associated with serum CCL3 and CCL4.% Type I interferon
signature responses in monocytes in milder COVID-19 was
consistently found.>®

Monocyte recruitment in the tissues is dependent on ex-
pression of chemokine receptors and their recruitment to
the lungs of SARS-CoV-2 infected patients has been amply
shown. Monocytes were found in higher numbers in bron-
choalveolar lavage (BAL) fluids of mild COVID-19 com-
pared to control and severe groups, and they expressed
interferon-stimulated genes.5 % In severe disease, HLA-DR'™¥
monocytes expressed NOS and chemotaxis related genes.s6
Non-classical monocytes with high expression of CD40 were
enriched in dense bronchoscopy samples.59 BAL fluids in se-
vere COVID-19 patients contained high proportions of acti-
vated SPP1* resident macrophages and of monocyte-derived
FCN1" macrophages, as well as macrophages of interme-
diate phenotype.67 Activated SPP1" resident macrophages
expressed immuno-modulatory function genes (CCL13/
MCP-4, TGFf1, protease inhibitor alpha2-macroglobulin),
in contrast to intermediate macrophages which expressed
monocyte recruiting chemokines (MCP-1/CCL2, MIF-1a/
CCL3) and IP10/CXCL10, possibly contributing to an ampli-
fication of inflammatory responses. Wauters et al performed
an extensive analysis of cells present in BAL fluid from mild
and severe COVID-19 patients by single cell RNAseq, that
revealed that moderately inflammatory FCN1* monocytes,
with low MHC class II expression, were increased in severe
COVID-19 patients. In contrast, monocyte-derived FABP4"
alveolar macrophages were decreased in these patients, sug-
gesting an impediment to differentiation with accumulation
of inflammatory cells in the alveolar spaces.(’8 Algorithm-
based cell lineage tracing suggested that moderately inflam-
matory FCN1* monocytes were close to transmigrated blood
monocytes and acted as precursors for monocyte-derived
macrophages. Finally, metatranscriptome sequencing of BAL
fluids in 19 patients identified up-regulation of IL-1, as well
as the chemokines CXCL17, IL-8, and MCP-1 in COVID-19
patients.”” IL-8 and MCP-1 are major chemotactic factors
for neutrophils and monocytes, and CXCL17 acts strongly
on macrophages.70 This pattern of responses in COVID-19
patients was confirmed although not for the presence of IL-
1B, showing in addition a dramatic increase of IL-6 in BAL
fluids.>* These results show that monocytes and derived
cells constitute substantial populations that transmigrate in
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the inflamed alveolar spaces during SARS-CoV-2 infection,
amplifying inflammation via cytokine and chemokine pro-
duction that attracts more inflammatory cells. The monocyte
populations involved in lung infiltration are not yet identified.

Although most monocytes respond to tissue inflammation
during infection, they may themselves be a target of infec-
tion. Monocytes express ACE2 and can be infected by coro-
naviruses such as SARS-CoV-1 and MERS.”"? However,
SARS-CoV replicated poorly in infected cells. SARS-CoV-2
nucleoproteins were detected in lymph node macrophages73
although it is unclear if this resulted from infection or from
phagocytosis of viruses or infected cells. Virus entry in
monocytes may also be enhanced by opsonization and Fc re-
ceptor internalization.” The effects of monocyte infection in
virus dissemination remain to be determined.

Together these studies do not yet distinguish a clear path-
way of population-specific monocyte activation and/or loss
in SARS-CoV-2 infection. This may be due to the hetero-
geneity of monocyte populations. In addition, the cell fate
of differentiated monocytes following their interaction with
endothelial cells and exposure to cytokines remains difficult
to determine in tissues, muddling the respective contributions
of distinct populations in inflammation and tissue repair.

1.5 | SARS-CoV-2 infection elicits
specific and efficient CD4 and CD8 T
cell responses

The magnitude of lymphopenia and especially of CD4 and
CD8 lymphopenia was initially reported in a small num-
ber of SARS-CoV-2 infected patients and then confirmed
through meta-analysis gathering 3017 subjects (76.6% clas-
sified as “mild/moderate” and 23.4% as ‘‘severe/critical”).74
Severe/critical COVID-19 patients exhibit 2.1 and 2.2 lower
absolute numbers of CD4 and CD8 per pL respectively as com-
pared to patients with moderate presentation of COVID-19. B
cell and NK (CD16*CD56") lymphopenia was also observed
but with a lower magnitude (1.5-fold reduction). This lympho-
penia does not seem to be explained by the recruitment of T
cells to inflamed respiratory vascular endothelium or respiratory
tract. Indeed, scRNAseq analysis of BAL fluid did not reveal
exacerbated infiltration by lymphocytes®” or in patient’s lung
after autopsy.75 The mechanisms leading to lymphopenia thus
remain unidentified and several hypothesis have been proposed
(hyperactivation of T cells leading to enhanced expression of
pro-apoptotic molecules, direct impact of IL-6 and TNF).

The control of many viruses by mounting an effective T
cell immune response usually requires 7 to 10 days and this
is typically a critical time for COVID-19 patients regarding
development of severe disease or resolution of viral infec-
tion.”® Whereas Spike, M and N proteins of SARS-CoV-2
elicit T cells 1resp0nses,77 It has been hypothesized that
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severe COVID-19 could result from the inability to generate
SARS-CoV-2 specific T cell responses. For instance, Sattler
et al observed that the absence of S-specific responses was
more frequent in deceased patic:nts.78 Other data do not fully
support this idea as the SARS-CoV-2 specific CD4 and CD8
T cell responses were robust and of similar magnitude in pa-
tients with mild or severe COVID-19.” In support of the hy-
pothesis of a harmful T cell response in patients with severe
COVID-19, the restriction and the quality of T cell responses
were broader with higher magnitude in patients with severe
disease® (see Figure 2).

The quality of T cell responses may also strongly impact
the clinical outcome and COVID-19 mortality. To test this
hypothesis, SARS-CoV-2 specific CD4 and CDS8 responses
were analyzed in patients with mild or severe disease.
Longitudinal follow-up of convalescing patients with mild
COVID-19 demonstrated that SARS-CoV-2 specific CD4
T cells were exclusively Th1l and mainly of central memory
phenotype whereas SARS-CoV-2 specific CD8 T cells were
predominantly TEMRA with a less differentiated phenotype
(CD27%) than typical TEMRA cells®®3 Strong production
of IFNy by CD4 and CD8 specific for SARS-CoV-2 was ob-
served after stimulation.®®! SARS-CoV-2 specific CD4 T
cells with cTfh were also documented.®"

At the time of SARS-CoV-2 clearance, an increase in ac-
tivated T cells, defined as CD38"HLA-DR™, especially in the
CDS8 compartment, was documented.®* The increase in cells
with a highly activated cytotoxic phenotype during the acute
phase was later confirmed in a larger study of 206 patients,
and they were identified as SARS-CoV-2 specific proliferating
CD8.% High expression of CD38 by T cells is now considered
a hallmark of acute COVID-19 infection. The co-expression
of markers associated with an activated/cycling phenotype
is often observed (such as the co-expression of Ki67 with
HLA-DR and PD-1). During the recovery phase, the pheno-
type of SARS-CoV-2 specific CD8 and CD4 changed and
adopted preferentially a polyfunctional and stem-like memory
phenotype (CCR7*CD127"CD45RA*TCF1%).% The high ex-
pression of PD1 was found concomitantly with the expression
of other inhibitory receptors (LAG3, TIM3, CTLA4, NKG2A,
CD39) by CD8™*%*! and CD4 T cells®”*"*? and may reflect
their high level of activation or exhaustion.”> The PDL-1 pro-
tein dampens TCR mediated activation of lymphocytes in an
expression-dependent way and either a very low or a very high
expression level has been associated with a loss of PDL-1 in-
hibitory function. In the inflammatory setting of COVID-19,
highly elevated endothelial expression of PDL-1 mediated by
pro-inflammatory cytokines may therefore lack the potential to
decrease the pro-inflammatory T cell response. Using peptide-
loaded HLA class I-tetramer technology and functional assays,
Schulien et al demonstrated a heterologous expansion of pre-
existing and newly induced memory CDS8 T cells in patients
with mild COVID-19.** Finally, in mild COVID-19, neither



R 7\ 0

MERS CoV
human common-cold

SARS CoV
* coronaviruses

A Cross-reactlvnty

Pre-existing
Memory

in 20 to 50%
of individuals

SARS-Cov2

Viral Load

severity

DEGAUQUE ET AL
' 2
TNFa 40
1l /Bele* Pl
Ten L0y
09 g
Absence of '..1 YO
germinal center ov
Low / No
activation  ¢pg CD4
. 7

Long-lasting memory
A

High activation

FIGURE 2 Differential T and B cell immune responses lead to a wide-range of clinical outcome in patients with COVID-19. SARS-CoV-2
infection results in a lymphopenia and especially of CD4 and CD8 lymphopenia. The control of many virus requires usually 7 to 10 days to

mount an effective T cell immune response, and this is typically a critical time for COVID-19 patients regarding development of severe disease or

resolution of viral infection. The ability to generate SARS-CoV-2 specific T cell responses and to mount a humoral response (with up to 30% of

plasma cells among B cells) has been associated with the ability to clear viral infection whereas patients with severe form of COVID-19 exhibit low
activation of CD4/CD8 T cells and a defect in the differentiation of Tgy to Bcl6™ Try that results in an inability to form germinal center. The CD4
and CDS8 specific SARS-CoV-2 T cell response is often correlated with the titer of SARS-CoV-specific antibodies and protective memory T cells

were still detectable even when humoral responses vanished. Finally, pre-existing SARS-CoV-2 specific T cell memory is widely observed in the

general population (20 to 50% of patients who had not been infected) suggesting a high cross-reactivity of T cell responses

IL-4 nor IL-17 was detected in SARS-CoV-2 specific CD4* T
cells®! and IL-17 levels could serve as a biomarker to discrim-
inate mild from severe COVID-19 cases.”

In situ analysis of lung biopsies and in BAL have been
performed to question how the observations performed in pe-
ripheral blood reflect ongoing and local immune inflamma-
tion. Single cell RNA seq analysis of T lymphocytes of the
upper respiratory tract of 19 COVID-19 patients with mod-
erate or critical disease revealed that CTL from patients with
severe COVID-19 had enhanced cytotoxic potential (with
high expression of PRFI, GZMA and GZMB, cytotoxic re-
ceptors KLRBI, KLRC1 and KLRD1) but lower expression of
pro-inflammatory cytokines /FNy and TNF % The enhanced
cytotoxic function of CTL observed in severe COVID-19 pa-
tients is likely to contribute to damage to epithelial cells (cil-
iated and secretory cells). Indeed, pro-apoptotic factors (eg
cytochrome C, initiator caspase 8, CASP-3) are upregulated
in ciliated, secretory and FOXN4™ cells, the latter are only
found in patients with COVID-19.° The degree to which
endothelial activation may directly act upon T lymphocyte
recruitment, differentiation or indeed death in SARS-CoV-2

remains to be demonstrated although the potential for medi-
ating indirect effects is clear.

1.6 | SARS-CoV-2 primary responses and
generation of protective memory T cells

The ability to mount protective and effective immune re-
sponses after primary exposure to SARS-CoV-2 is a pre-
requisite for the ongoing development of SARS-CoV-2
vaccines. Data from a non-human primate model of SARS-
CoV-2 shows that re-challenge with the same strain of virus
one month after primary infection leads to enhanced neutral-
izing antibody, immune responses, the absence of detectable
viral dissemination and clinical symptoms of viral disease.”’
Interestingly, whereas CD4* and CD8" T cell responses
correlated with the titers of SARS-CoV-2 IgG and IgA,77’80
SARS-CoV-2 specific CD8* T cells are more readily de-
tected than antibodies specific for SARS-CoV-2-spike pro-
tein® as SARS-CoV-2 specific CD8" T cells were detected
even in individuals seronegative for anti-SARS-CoV-2 spike
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antibodies. Whereas COVID-19 convalescent patients exhibit
IgG and IgM responses to SARS-CoV-2 proteins (especially
S-RBD and NP), with high titers of neutralizing antibodies,98
cellular responses against different proteins (Nucleocapside
Protein NP, the main protease and receptor binding domain
of spike protein S-RBD) were also detected and the number
of NP-specific T cells correlated with the titer of neutraliz-
ing antibodies.” The frequent observation of loss of circu-
lating antibodies despite robust memory T cell responses has
raised the question of whether protection from severe forms of
COVID-19 can be achieved. Data obtained in the context of
MERS and SARS-CoV-1 infection indicate that, whereas hu-
moral responses waned, potent memory T cell response per-
sisted for at least 6 yearsgg'101 and therefore suggest that potent
adaptive immunity may protect against severe re-infection.

The diversity of whole TCR repertoires has been shown
to be greater in COVID-19 patients with mild/moderate dis-
ease.'”” Nevertheless, the design of such analysis (ie, compar-
ison of whole TCR repertoire between patients with different
clinical outcomes) is unlikely to give meaningful information
regarding the ongoing immune response against SARS-CoV-2
and the potential link between adaptive immune responses and
recovery from viral infection. The dynamic tracking of SARS-
CoV-2 specific T cell clones may provide more interesting in-
formation. Longitudinal monitoring identified CD4 and CD8
clones that contract after recovery as well as a second wave of
expansion of CD4 T cell clonotypes.83

Finally, elevated cross-reactivity of T cell responses has
been speculated upon, especially as the SARS-CoV-2 specific
T cell response has been identified in 20 to 50% of patients
who had not been infected’”828>103:104 ¢ iy samples col-
lected years before the current pandemic.77’83 SARS-CoV-2
specific T cells may derive from memory T cell responses
after exposure to common-cold coronaviruses (HCoV) as
nearly all of the human population have detectable IgG anti-
bodies to HCoV in their serum'® and as anti-SARS-CoV-2
specific T cell responses are found in larger proportions com-
pared with humoral responses defined by anti-SARS-CoV-2
antibodies. The observation of pre-existing memory raises
the question of whether the memory response could provide
protection from SARS-CoV-2 infection and thereby influ-
ence the course of disease. Despite the urgent need to develop
a protective vaccine against SARS-CoV-2, it should be taken
into account that the pre-existence of memory T cells could
be a confounding factor that will need consideration in the
evaluation of the tested vaccines.

1.7 | B lymphocytes and humoral responses
in SARS-CoV-2 infection

Screening of 149 COVID-19-convalescent patients revealed
high heterogeneity of the titers of pseudovirus antibody and
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one third of the patients had very low titers.'* Neutralizing
activity correlated with the duration and the severity of
symptoms.lo6 The range of anti-SARS-CoV-2 Ig questions
the ability to attain efficient humoral responses in severe
forms of infection. Interestingly, the formation of germinal
centers (GC), transient microstructures generated after the
provision of help by Tth to antigen-activated B cells, is lack-
ing in the context of severe/fatal SARS-CoV-2 infections,107
recapitulating observations made during SARS'® and dur-
ing malaria infection.'” The paucity of cTfh as well as the
absence of GCs was associated with more-severe disease.*
This concords with the observation that an excess of TNFa
resulting from enhanced Th1 responses and the blockade of
Bcl-6" Tfh differentiation prevents the formation of GC.
Furthermore, in-depth characterization of B cell subsets in
patients with different presentations of COVID-19 revealed
that naive B cells, transitional B cells and CXCRS5™ follicu-
lar B cells were markedly reduced in severely ill COVID-19
patients.107 As neutralizing anti-SARS-CoV-2 antibodies
are detected in large numbers of COVID-19 patients, it is
possible that the absence of GC reflects an ultimate stage of
disease found only in severe forms of COVID-19. The anal-
ysis of a greater number of patients revealed heterogeneity
in the B cell response, for some patients, the plasmablast re-
sponses represented more than 30% of total cells despite low
activated c¢Tfh.*® This massive plasmablast response was
linked with an increase in highly activated CD4 and CDS,
activated TEMRA CD8 and an altered cTth response.86 The
frequency of B cell plasmablasts with high levels of the pro-
liferation marker Ki-67 and low levels of CXCRS5 was sig-
nificantly higher in patients with severe COVID-19"* and
directly correlated with the expansion of antibody clones.”
Finally, several studies have reported neutralizing antibod-
ies in patients after recovery from COVID-19, demonstrat-
ing the ability to mount effective humoral responses.”o‘lll
An original study design using biological samples retrieved
from fishermen examined the correlation between protec-
tion from re-infection and the presence of neutralizing anti-
bodies.'? Indeed, the analysis of the outbreaks on confined
shipping vessels was a useful study to investigate protec-
tion from SARS-CoV-2 infection given the difficulty in
implementing social distancing. In the report from Addetia
et al, all 120 crew members were virus RT-PCR negative
pre-departure and 3 individuals had pre-existing neutral-
izing anti-SARS-CoV-2 Ab. After a viral infection of than
85% of crew members, none of the three fishermen with pre-
existing antibodies were infected. These data provide evi-
dence of protection against anti-SARS-CoV-2 infection by
anti-SARS-CoV-2 neutralizing antibodies in humans''? (see
Figure 2). Little information is available regarding B lym-
phocyte interactions with the vascular endothelium either in
the steady state or in SARS-CoV-2 infection. However indi-
rect effects of pro-inflammatory cytokines may also act on
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this population in addition to modified responses because of
aberrant T lymphocyte activation and/or lymphopenia.

Altogether, the integration of large omics-data with clin-
ical features confirms the high heterogeneity of the cellular
and humoral immune response in COVID-19 patients”%:
CD4" and CDS8" responses (activation and proliferation)
were minimal (ie, comparable to control individuals) in about
20% of patients and such an immune profile was associated
with less severe pathology. In the remaining 80% of patients,
two immune profiles were observed: a rather classical anti-
viral response profile (effector CD8* T cells, less CD4" T
cells activation and proliferating plasmablasts and memory
B cells) or robust CD4" activation, proliferating activated/
exhausted CD8" and increased Tbet" PBs.*

1.8 | Future directions

Following infection by SARS-Cov-2, endothelial cells have
a high and somewhat neglected potential to play a decisive
role in the disease process for the following reasons : their
number and distribution within different organs, disruption
of their ability for immunological homeostasis after activa-
tion by cytokines produced in response to infection, their
ability for soluble factor production (particularly IL-6, CCL2
and IL-8), their pro-adhesive phenotype in the presence of
inflammation that increases their potential to interact with
and to regulate cognate responses by B and T lymphocytes as
well as their interaction with monocyte sub-populations; their
active role in trans-endothelial migration of myeloid cells. In
the steady-state, the endothelium can act as a platform for
cell-cell interactions and this particularly merits considera-
tion in the context of SARS-Cov-2 infection where altered
phenotypes and/or functions of each of the interacting cel-
lular populations are observed. This review aims to docu-
ment modifications of endothelial and endothelial-interacting
cell populations and to propose how infection could modify
their interactions (both cell-cell and soluble-factor depend-
ent). Future challenges will include identifying endothelial-
selective therapeutic targets interfering with the mechanisms
of aberrant cell-cell interactions in Covid-19 disease. The
most straightforward approaches to target endothelial inter-
actions may entail a combination of inhibition of endothelial
cytokines/chemokines with inhibition of their receptors on
leukocytes (eg, IL-6 and IL-6R), targeting NF-kB depend-
ent pathways of endothelial cell activation, and masking of
adhesion protein expression (possibly by soluble proteins, eg,
sICAM-1).

Modulation of IL-6/IL-6R signaling is an attractive aim
for several reasons. In addition to being a key cytokine in
endothelial biology, IL-6 has an amplifying role in inflam-
mation,113
cell types, and contributes to reinforcement loops in the

acts on numerous immune and non-immune

“cytokine storm”. IL-6 is produced continuously and at high
levels during SARS-CoV-2 infection, and in the clinical set-
ting therapy can be initiated at any time during the course
of the disease, and intervention does not necessarily lead to
complete inhibition of the cytokine which may have delete-
rious effects with respect to secondary infections.'* Finally,
inhibitors of IL-6/IL-6R (such as Tocilizumab, Siltuximab,
Clazakizumab) are already widely used and/or in advanced
trials in other diseases, and are readily available to clinicians.
The inhibition of other cytokines leading to endothelial acti-
vation is an important objective and relevant monoclonal an-
tibodies are under study (eg, Elupalumab and Anakinra''®).
Nitric oxide, which is physiologically produced by endo-
thelial cells, and its derivatives may also provide opportunities
for a combined intervention on viral replication, respiratory
and immune functions. Inhalation of nitric oxide, adminis-
tered together with the vasoconstrictor almitrin improved
oxygenation116 and that may result from improved perfusion
of ventilated areas of the lungs and gas exchange across the
endothelial-alveolar space in COVID related acute respi-
ratory distress syndrome. Nitric oxide antagonized in vitro
replication of closely related SARS-CoV''” and of SARS-
CoV-2""8 in infected cells. In addition, nitric oxide shifts the
differentiation of myeloid cells towards an anti-inflammatory
and tissue regenerative M2 spectrum of phenotypes by skew-
ing the energetic metabolism of the cell.'" Pharmaceutical
products are also under investigation with the aim of limiting
endothelial-leukocyte interactions and preventing endothelial
damage (eg, Defibrotide). A particular challenge stems from
the increasingly reported long term effects of SARS-CoV-2
infection and the identification of underlying mechanisms of
disease as well as therapeutic targets is crucial in this respect.
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