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Abstract | Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the
causative agent of coronavirus disease 2019 (COVID-19). Understanding of
the fundamental processes underlying the versatile clinical manifestations
of COVID-19 is incomplete without comprehension of how differentimmune cells
are recruited to various compartments of virus-infected lungs, and how this
recruitment differs among individuals with different levels of disease severity. As in
other respiratory infections, leukocyte recruitment to the respiratory system
in people with COVID-19 is orchestrated by specific leukocyte trafficking
molecules, and when uncontrolled and excessive it results in various pathological
complications, both in the lungs and in other organs. In the absence of
experimental data from physiologically relevant animal models, our knowledge
of the trafficking signals displayed by distinct vascular beds and epithelial cell
layers in response to infection by SARS-CoV-2 is still incomplete. However,
SARS-CoV-2 and influenza virus elicit partially conserved inflammatory responses
in the different respiratory epithelial cells encountered early in infection and may
trigger partially overlapping combinations of trafficking signals in nearby blood
vessels. Here, we review the molecular signals orchestrating leukocyte trafficking
to airway and lung compartments during primary pneumotropic influenza virus
infections and discuss potential similarities to distinct courses of primary
SARS-CoV-2 infections. We also discuss how an imbalance in vascular activation
by leukocytes outside the airways and lungs may contribute to extrapulmonary
inflammatory complications in subsets of patients with COVID-19. These multiple
molecular pathways are potential targets for therapeutic interventions in patients
with severe COVID-19.

The respiratory tract (nose, throat, larynx,
trachea, bronchi and lungs) has a large
surface area that is in direct contact with the
outside environment. It comprises distinct
epithelial cell layers and vascular beds,
including the alveolar gas-exchange surfaces
of the lung, which contain the largest
vascular bed in the body'. Owing to constant
exposure to the environment, there is a risk
of acute lung infections, which can quickly
develop into life-threatening diseases,
especially when they lead to excessive
leukocyte recruitment and activation'. The
lung harbours different mucosal and alveolar

compartments with distinct vascular beds
(FIGS 1,2). Because of the delicate air-blood
barrier for gas exchange, resident immune
cells in the lung maintain a very fine balance
between protection and disease as they must
constantly clear inhaled air particles and
rapidly respond to pathogens through the
highly coordinated recruitment of specific
innate and adaptive leukocytes, which is
critical for pathogen clearance.

The key targets for viral infections are the
bronchial and alveolar epithelial cells, which
are constantly exposed to air irritants and
pathogens. Infected epithelial cells produce
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anumber of inflammatory mediators, thereby
orchestrating an immune response that
involves multiple cell types critical for viral
clearance and the establishment of antiviral
immune memory. During infections with
highly pathogenic viruses, such as severe
acute respiratory syndrome coronavirus 2
(SARS-CoV-2) or pneumotropic influenza
viruses (for example, certain HIN1 and
H5N1 influenza virus strains), a failure

to rapidly clear these infections can lead to
excessive uncontrolled inflammation,
resulting in lung injury. Influenza viruses
and SARS-CoV-2 use different molecular
targets for entry and spread to the airways
and lungs (TABLE 1; BOX 1), and do not induce
identical antiviral responses in the epithelial
cells they infect’. Consequently, different
influenza virus strains and SARS-CoV-2
evoke distinct inflammatory programmes
during their spread in the airways and
lungs. In particular, there is a difference
with regard to the induction of type I and
type I1I interferons by the epithelial cells
that are initially infected. SARS-CoV-2

was reported to interfere more efficiently
than influenza viruses with various cellular
translation machineries implicated in
antiviral immunity’~. Nevertheless, given
the conserved nature of antiviral responses,
during the progression of SARS-CoV-2
infection, especially in patients with severe
disease, most of the cytokines implicated in
innate and adaptive leukocyte trafficking to
sites of viral infection are likely similar to
those elicited by influenza virus infections,
and in particular to those induced in
response to pneumotropic influenza virus
strains that are able to replicate both in the
lower airways and in the alveoli®’ (TABLE 1).
However, if SARS-CoV-2 is not efficiently
cleared from the respiratory system, and

in sharp contrast to influenza virus, it

can spread to other organs (TABLE 1) using
diverse mechanisms of extrapulmonary
spread and resulting in a variety of clinical
manifestations®.

In the absence of protective vaccines,
therapeutic interventions should aim to
optimize beneficial antiviral responses
while restraining uncontrolled leukocyte
trafficking, inflammation and injury
associated with SARS-CoV-2 infections.
Excessive pulmonary infiltration of
monocyte-derived macrophages secreting

NATURE REVIEWS | IMMUNOLOGY

VOLUME 21 | JANUARY 2021 | 49


http://orcid.org/0000-0003-1690-8702
http://orcid.org/0000-0003-1277-2115
http://orcid.org/0000-0003-1619-085X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41577-020-00470-2&domain=pdf

PERSPECTIVES

a
Upper airways

Ciliated Goblet

epithelial cell  cell

b
Airway epithelial layer % Virus

Mediastinal
lymph node

[¢]
(e}

Effector

Tcell
Monocyte
Mobilized @
and circulating NK cell
leukocytes
Neutrophil /

&

enhanced levels of pro-inflammatory
cytokines is a hallmark of severe pneumonia
induced by SARS-CoV-2 (REF”). How

these leukocytes and other immune cells

are recruited to various compartments

of virus-infected airways and lungs at
different stages of infection, which leukocyte
trafficking molecules orchestrate this
recruitment and how excessive accumulation
of specific leukocyte subsets results in
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pathological complications in a subset of
patients are still incompletely understood, as
we lack key experimental data on leukocyte
trafficking in SARS-CoV-2 infection in
physiologically relevant animal models.
Here, we review our current knowledge
of the molecular basis of immune cell
migration and function in distinct airway
and lung compartments in infections, with
a specific focus on pathogenic influenza
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viruses, in an attempt to draw, wherever
relevant, parallels to initial observations

thus far reported in patients with severe
coronavirus disease 2019 (COVID-19).

We discuss how the intricate communication
between influenza virus, epithelial cells,
vascular cells, stromal cells, resident
immune cells and circulating immune

cells can regulate various leukocyte
recruitment processes, and how parallel
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< Fig. 1| The main molecular and cellular changes elicited by influenza virus infection of the res-

piratory system. a| Shown are the major cell types (ciliated epithelial cells, goblet cells and basal cells)
that form the epithelial layers of the nasal airway, lower airways and alveoli, which are targeted by
respiratory viruses such as influenza virus and severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). An adult human lung contains more than 3 x 108 alveoli, each covered by capillaries.
The mediastinal lymph nodes are the major lung-draining lymph nodes. Some cervical lymph nodes
and nasal-associated lymphoid tissue (NALT) play an additional role in priming antiviral adaptive immu-
nity against viruses replicating in the upper airways. b | Events triggered by viral infection of the airway
epithelial compartment (left) and of the alveolar epithelial compartment that constitute the lung
parenchyma (right). The smooth muscle cell layers underneath the airway epithelial monolayers,
neuroendocrine cells and the mucus layer on the apical aspects of these cells are omitted for clarity.
Viralinfection of both types of epithelial compartments triggers the release of inflammatory cytokines.
These cytokines activate various epithelial-associated lymphocytes (such as innate lymphoid cells
(ILCs) and resident memory T cells (T, cells)), sentinel cells such as fibroblasts, interstitial macrophages
and dendritic cells (DCs), and the pericytes associated with nearby blood vessels. In addition, some of
the cytokines produced enter the circulation, reach the bone marrow and trigger generation and
mobilization of innate leukocytes such as neutrophils, natural killer (NK) cells and monocytes, which
are critical for viral clearance. The various blood vessels near the infected epithelial cells display arrays
of leukocyte trafficking molecules (not shown), which are recognized by the circulating bone
marrow-mobilized innate leukocytes. These various immune cells can then emigrate to the airway
vessels and the capillaries of the virus-infected airway and alveolar compartments (FIG. 2).
Virus-infected epithelial cells either die and release viral fragments or release live virus. Both fragments
and particles are taken up and are processed by airway (respiratory) and alveolar DCs. On uptake and
stimulation by viral particles, these different DCs leave their tissue, enter the lymphatic vessels
and migrate into the draining lymph nodes (mediastinal lymph nodes). Naive T cells undergo priming
by specific viral antigens in the T cell area of the lymph node, and antigen-activated CD4* T cells then
enter B cell follicles, where they provide critical signals to naive virus antigen-specific B cells, which
subsequently become antibody-producing B cells (not shown). Within several days, T cells differentiate
into effector T cells and egress from the lymph node, enter the blood vessels and migrate to the site of
infection. These T cells are now equipped with specific receptors that allow them to emigrate through
the inflamed airway blood vessels and/or the inflamed capillaries.

processes may occur during SARS-CoV-2
infections. We also highlight the
involvement of specific vascular changes
and the expression of leukocyte trafficking
molecules in the thromboinflammatory
processes associated with extrapulmonary
SARS-CoV-2 complications. A discussion
of classical studies on leukocyte
recruitment to bacteria-infected or
lipopolysaccharide-treated lungs is

not included, as these are beyond the
scope of this Perspective.

IL-1p and interferons, which are secreted
by virus-infected epithelial and stromal
cells, act directly on these various blood
vessels and alveolar capillaries to induce

the de novo expression of an array of
leukocyte trafficking molecules on the
surface of endothelial cells (TABLES 1,2).
These molecules function in a temporally
regulated manner to recruit both innate and
adaptive leukocytes to the infected airways
and lungs. By contrast, endothelial cells of
HEVs express distinct arrays of leukocyte
trafficking molecules in a largely constitutive
manner'.

To exit these different vessels, leukocytes
that have penetrated the endothelial layers
lining these vessels must cross the vascular
basement membrane and a discontinuous
pericyte layer (FIC. 2), and then follow
chemotactic cues to reach their final

Trafficking signals on distinct vessels
Leukocyte trafficking from the blood to both
the resting and pathogen-infected respiratory
tract occurs through three major types of
blood vessel: the postcapillary venules in

the trachea and other blood vessels along

the bronchial tree, the alveolar capillaries in

the lung parenchyma, and the specialized
cuboidal postcapillary venules within
draining lymph nodes (LNs) termed ‘high
endothelial venules’ (HEVs), which are

the main portal for the entry of circulating
naive and memory lymphocytes into LNs
(FIGS 1,2). These vessels are lined with
endothelial cells, which sit at the interface
between blood and tissues and contribute to
haemostasis, immunity and inflammatory
reactions'"" (FIC. 1). Canonical inflammatory
cytokines such as tumour necrosis factor (TNF),

destination (such as infected epithelial cells or
different LN compartments). The basement
membrane is a dense but discontinuous
barrier composed of collagen IV, specialized
laminin isoforms and interconnected
proteoglycans'. Some of these glycoproteins
are decorated with heparan sulfate moieties
that serve as scaffolds on which chemokines,
locally produced by inflamed blood

vessels, pericytes and perivascular immune
cells, become immobilized at high local
concentrations'. As observed for other tissues,
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the basement membrane and the different
interstitial tissues surrounding the distinct
pulmonary vascular beds are likely remodelled
during inflammation”*. The proteolytic and
actomyosin machineries used by individual
leukocytes to cross these extravascular barriers
under inflammatory settings are still poorly
understood, especially in the context of viral
lung infections.

Postcapillary venules. Tracheal and
bronchial postcapillary venules and other
blood vessels surround the bronchial tree
and support leukocyte recruitment into the
various airways following infection'®"’. As
very little is known about the transcriptional
changes experienced by the endothelial cells
that constitute these various blood vessels
during viral infections, it is still unknown
whether the main molecular changes
induced in these vessels in response to
pulmonary influenza virus and SARS-CoV-2
infections are similar. As in other tissues,

in response to multiple inflammatory

cues, these vessels are thought to mediate
sequential multistep adhesive cascades
initiated by leukocyte capture under shear
flow, followed by rolling and firm arrest'®.

In the steady state, the endothelial cells of
these various vessels express the cell adhesion
molecules VCAM1 and ICAM2, which

bind to the integrins very late antigen 4
(VLA4) and lymphocyte function-associated
antigen 1 (LFA1), respectively, but they

can undergo rapid transcriptional changes
in response to distinct inflammatory
cytokines to express additional cell
adhesion molecules'” (TABLE 1). These
include endothelial selectins and their
glycoprotein ligands®, which mediate

the initial capture and rolling of various
blood-borne leukocytes on these vessels
under shear flow (TABLE 2), and ICAM1,

the high-affinity ligand for the integrins
LFA1 and macrophage 1 antigen (MAC1)",
which together with VCAM1 mediate the
arrest of rolling leukocyte on the inflamed
vessels (TABLE 2). In response to different
combinations of inflammatory cytokines
(TABLE 1), the endothelial cells and their main
perivascular counterparts, pericytes (FIC. 2),
also express a large array of chemokines

(for example, CXCL1, CXCL8, CCL2, CCL5
and the interferon-stimulated chemokines
CXCL9, CXCL10 and CXC11), additional
lipid mediators such as platelet-activating
factor and leukotriene B4, and complement
factors such as C5a*' (see BOX 2). During
infection, these endothelial cells and their
associated pericytes, as well as virus-infected
epithelial cells, can also produce the
cytokines granulocyte colony-stimulating
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factor (G-CSF), granulocyte-macrophage
colony-stimulating factor (GM-CSF) and
IL-3, which act systemically and enhance
myelopoiesis and the mobilization of newly
generated myeloid leukocytes in the bone
marrow” (FIG. 1). These vessels can also
rapidly mobilize Weibel-Palade bodies
containing prestored von Willebrand factor,
the chemokine CXCL8 (in humans) and the
cell adhesion molecule P-selectin in response
to various acute injury signals such as
thrombin'"*. Another specialized property
of postcapillary venules is the restricted
expression of atypical chemokine receptor 1
(ACKRI; A. Rot, personal communication).
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On the basis of its functions in other
tissues, this unique chemokine transcytosis
receptor is likely to function in chemokine
mobilization and presentation selectively in
peribronchial postcapillary venules*-*, but
its contribution to leukocyte recruitment to
airways infected with influenza virus is still
unknown. Other atypical chemoattractant
receptors (such as the C5a receptor C5AR2
(REF?")) may also contribute to leukocyte
extravasation in influenza and other
pulmonary infections.

Given that SARS-CoV-2 can initially
attenuate antiviral type I and type III
interferon production in infected epithelial
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cells™**, the precise combinations of the
multiple inflammatory endothelial stimuli
triggered by this virus, as opposed to distinct
pathogenic influenza virus strains, are
likely different. Furthermore, the leukocyte
trafficking signals and permeability
changes induced in distinct blood vessels
and postcapillary venules during different
stages of viral infection and clearance

(BOX 3) are likely to differ between different
respiratory compartments (for example,
upper airways and lower airways) owing to
differences in epithelial cell composition,
relative infection levels and the types of
cytokine produced (FIG. 1). In addition,
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< Fig. 2 | Trafficking of leukocytes to resting (left) and influenza virus-infected lungs (right).

Leukocyte trafficking is mediated by specific adhesion molecules, chemokines and their respective
receptors expressed by leukocytes. Three major vascular beds (postcapillary vessels in the respiratory
tract, alveolar capillaries in the lung parenchyma and high endothelial venules (HEVs) in the draining
lymph nodes) and their adjacent epithelial cells are indicated. Dashed arrows depict the low-level
homeostatic emigration of circulating immune cells through the different types of blood vessel. The
vessels are surrounded by basement membrane and pericytes. Other sentinel cells depicted in FIG. 1
are omitted. Top panel: in the resting state, endothelial cells of postcapillary vessels near the lower
airways constitutively express integrin ligands (VCAM1 and ICAM2) and present homeostatic chemo-
kines (CCL17, CCL20, CCL22 and CXCL16) in gradients across the vessels and epithelial cell layers.
These trafficking signals mainly promote the low-level entry of leukocyte precursors (for example,
precursor dendritic cells (preDCs)) and regulatory T cells (T, cells). On viral infection, the inducible
expression of trafficking molecules such as endothelial selectins (E-selectin and P-selectin),
pro-inflammatory chemokines such as CCL2, CCL5, CXCL1, CXCL9 and CXCL10, and de novo tran-
scribed ICAM1, together with VCAM1 and ICAM2, triggers massive emigration (thick arrows) of vari-
ous innate immune cells (such as neutrophils and inflammatory monocytes) and natural killer (NK) cells
from blood towards the infected airways. During later stages of infection, virus-specific CD8" and
CD4* effector T cells (not shown) enter these infected compartments. Homeostatic chemokines (such
as CXCL16) allow recruited CD8" effector T cells to differentiate into epithelial-associated resident
memory T cells (Ty,, cells). Uncontrolled viral spread or dysregulated epithelial and endothelial cell
activation results in destructive leukocyte recruitment. During infection, resident innate lymphoid
cells (ILCs) and Ty, cells proliferate, and DCs carrying viral antigens either enter lymphatic vessels or
stay in the inflamed tissue, where they present viral antigens to recruited effector T cells. Unresolved
infection gives rise to inducible bronchus-associated lymphoid tissue, which recruits naive and effec-
tor T and B cells through HEVs (not shown). Middle panel: in the resting state, distinct integrin ligands,
such as ICAM1, are constitutively expressed by resting endothelial cells that line the pulmonary cap-
illaries in the lung parenchyma. Various homeostatic chemokines (such as CCL17,CCL22 and CXCL16)
are secreted by nearby alveolar epithelial cells and endothelial cells that line the capillaries, and these
chemokines promote the low-level entry of T_ cells and leukocyte precursors such as preDCs (not
shown). In addition, patrolling monocytes crawl on all these endothelial cells using endothelialICAM1
and remove dying endothelial cells. Alveolar macrophages are attached to the epithelial cells that
constitute individual alveoli and capture airborne particles without eliciting inflammation. Just like in
the respiratory tract, on viral infection, the emigration of multiple types of immune cell towards the
infected alveolus is guided by enhanced expression of chemokines. These are produced primarily by
individual infected epithelial cells and by virus-infected alveolar macrophages. Myeloid leukocytes
may use their integrin macrophage 1 antigen (MAC1) to attach to and crawl along inflamed capillaries
by as yet unidentified ligands. Bottom panel: constitutive expression of integrin ligands (not shown)
on the endothelial cells lining specialized lymph node blood vessels called HEVs and the chemokines
displayed by these cells, such as CCL19, CCL21, CXCL12 and CXCL13, allows the constant entry of
recirculating naive T and B lymphocytes into lung-draining lymph nodes. On viral infection, in addition
to naive lymphocytes, NK cells and specific myeloid leukocytes can emigrate from the HEVs, respond-
ing to signals from inflammatory chemokines such as CCL2, CXCL9 and CXCL10 displayed on these
venules in aninducible manner in addition to the constitutively displayed chemokines CCL19, CXCL12
and CXCL13. For more details on individual trafficking molecules used by these different leukocytes
to cross each of these vascular beds, please refer to TABLE 2. ADCs, alveolar DCs; LFA1, lymphocyte
function-associated antigen 1; RDCs, respiratory DCs; VLA4, very late antigen 4. Adapted from REF,
Springer Nature Limited.

the composition of perivascular and
interstitial sentinel cells (such as pericytes,
perivascular immune cells such as dendritic
cells (DCs) and macrophages, fibroblasts,
innate lymphoid cells (ILCs) and regulatory
T cells (T,,, cells)) in different virus-infected
airway compartments and their individual
responses to virus-triggered inflammatory
cytokines may also affect the composition of
leukocyte trafficking signals induced on the
blood vessels near which they reside.

Alveolar capillaries. A second class of
blood vessels that support leukocyte
recruitment to the lung parenchyma are
the alveolar capillaries® (FIG. 2; TABLE 2).
The endothelial lining of these alveolar
capillaries is structurally distinct from that

of postcapillary venules®. The transition
from arterial to capillary endothelial cells

is reflected in an elongation and flattening
of the endothelial cell lining to improve

gas exchange. Pulmonary capillaries also
demonstrate lower permeability to solutes
and fluids than the larger pulmonary blood
vessels”. Alveolar capillaries have smaller
diameters than leukocytes, a constraint
which leads to a slow transit time®'. These
capillaries therefore contain a large number
of marginated neutrophils, monocytes and
naive and memory T cells that can rapidly
cross the endothelium in response to
chemotactic cues released within individual
alveoli'. Most notably, leukocyte emigration
through these narrow vessels and into the
alveolar space occurs in the absence of
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selectin-mediated rolling”. Furthermore,
the endothelial cells lining these vessels lack
Weibel-Palade bodies; however, they express
P-selectin and von Willebrand factor!

(TABLE 2).

Endothelial cells of alveolar capillaries
express constitutively high levels of ICAM1
as well as ICAM?2, a low-affinity ligand of
LFA1. However, as opposed to postcapillary
venules, they do not express VCAM1
or ACKR1 (REFS'”%) (A. Rot, personal
communication). The functions of these
vascular ICAMs in leukocyte recruitment
to influenza virus-infected alveoli are still
unclear. Patrolling monocytes, a specialized
subset of housekeeping monocytes that
express constitutively activated LFAI,
interact with vascular ICAM1 and ICAM2,
which enable these cells to bind to damaged
blood vessels in multiple organs®. It is
therefore likely that these monocytes use
ICAM1 and ICAM2 to patrol alveolar
capillaries for signs of damage. The role of
these ligands (and of other potential CD18
integrin ligands) in neutrophil emigration
from inflamed capillaries, in general,
and in influenza virus-infected mice,
in particular, is still disputed*. Notably,
ICAML1 is also constitutively expressed by
alveolar type 1 pneumocytes'. However, the
function of this pool of epithelial ICAM1
in guiding leukocytes to enter influenza
virus-infected alveolar compartments
remains unclear. Rather than promoting
transepithelial leukocyte crossing, alveolar
epithelial ICAM1 may facilitate cytotoxic
T lymphocyte-mediated and natural killer
(NK) cell-mediated killing of influenza
virus-infected alveolar epithelial cells*.

High endothelial venules. HEV's are the
third class of specialized blood vessels'?
(FIC. 2). These serve as the main portal

for naive T and B lymphocytes as well as
central memory lymphocytes, recirculating
neutrophils and ILCs*** to enter the
draining LNs of the lung and specialized
tertiary lymphoid organs along the bronchial
tree’. The main draining LNs of the lungs
are mediastinal LNs, which are positioned
along the lower airways (FIG. 1). In addition,
cervical LNs drain parts of the upper
airways and are implicated in virus-specific
T cell priming in mouse models of
influenza virus and parainfluenza virus
infections® and potentially also in immune
reactions to SARS-CoV-2. In addition to
HEVs and their surrounding pericytes

(FIG. 2), the two predominant stromal cell
types in all draining LNs are lymphatic
endothelial cells and fibroblastic reticular
cells®. Lymphatic endothelial cells control

NATURE REVIEWS | IMMUNOLOGY

VOLUME 21 | JANUARY 2021 | 53



PERSPECTIVES

Table 1| Comparison of shared and unique mechanisms, molecules and cells in human influenza virus and SARS-CoV-2 infections

Influenza virus

Cell surface receptors

Main receptors: a2,3-linked and a2,6-linked SA (REF.">°)

SARS-CoV-2

Coreceptors interacting with HA and/or SA: nucleolin®*®, Ca, 1.2

(REF.""), NKP44/NKP46 (REF.**) and EGFR™*

Receptors that do not interact with HA/SA: phosphoglycans,

DC-SIGN/L-SIGN, MMR, MGL and langerin**®
Regulation of receptors

Constitutively expressed

Cell types infected

Both ciliated and non-ciliated airway cells***

Main cellular outcomes of viral infections

Lysis and necroptotic and apoptotic cell death'’

Lymphocyte memory

Resident memory T cells accumulate with age and provide
heterosubtypic protection against a variety of influenza

virus strains''’

Lymphocyte abnormalities
174

Lymphopenia

Humoral immunity

Anti-NA titres are a better correlate of protection than

anti-HA titres'’®

Key inflammatory chemokines and attractants
CCL2,CCL5,CCL17,CCL20, CCL22,CXCL1, CXCL2, CXCLS5,

CXCL8-CXCL11, PAF, LTB4 and C5a
Clinical complications

ARDS and secondary bacterial pneumonia

Resolution

,immune cells such as
alveolar and interstitial macrophages'®*'**, and NK cells'*

ACE2 (REFS'**'*%) and neuropilin 1 (REF."*")

ACE2 is upregulated by type | and Il interferons'® and shed by ADAM17 and

TMPRSS2 (REF.')

168

pericytes

gut enterocytes'®®

epithelial cells'®, testicular Sertoli cells

168

Cells that express ACE2: lung epithelial cells (AT2 cells, transient secretory

cells, nasal ciliated and secretory cells)'*°, gastrointestinal cells, particularly
enterocytes in the small intestine and colon
, corneal epithelial cells
, olfactory sustentacular cells*™, bile duct cells'**, gallbladder

167 168

, cardiac
168

,vascular endothelial cells

,renal epithelial cells'®, cardiomyocytes

168 170

and alveolar macrophages

Cells that express neuropilin 1: respiratory epithelial cells, lung endothelial and

perivascular cells, olfactory epithelial cells

Pyroptosis and lysis*

Lymphopenia and T cell exhaustion

PAF, LTB4 and C5a

ARDS'”, cardiac injuries'’’, kidney injuries

disorders'®!

IL-22 (REF."®), resolvins, lipoxins, protectins and PPARy ligands'**  Unknown

171 139

, olfactory bulb neurons

T cells specific for common cold coronaviruses that are cross-reactive with
SARS-CoV-2 have been identified'*'"*

175

High levels of anti-spike RBD in recovered patients'”’, but in some patients the
levels of spike-specific and nucleocapsid-specific antibodies decline rapidly
possibly owing to impaired germinal centre reactions

178

179

CCL2,CCL5, CCL17,CCL20,CCL22, CXCL1, CXCL2, CXCL5, CXCL8-CXCL11,

177 180

,coagulation'® and neurological

ACE2, angiotensin-converting enzyme 2; ARDS, acute respiratory distress syndrome; AT2, alveolar type 2; ECM, extracellular matrix; HA, haemagglutinin;

LTB4, leukotriene B4; MGL, macrophage galactose-type lectin; MMR, macrophage mannose receptor; NA, neuraminidase, NK, natural killer; PAF, platelet-activating
factor; PPARy, peroxisome proliferator-activated receptor-y; RBD, receptor-binding domain; SA, sialic acid; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; TGFB, transforming growth factor-B; TNF, tumour necrosis factor. °Low levels in SARS-CoV-2 infection owing to viral factors that interfere with

cytokine translation®*?%,

lymphocyte egress and facilitate the entry of
antigen-bearing DCs and soluble antigens
into LNs. Fibroblastic reticular cells form a
complex conduit system of microchannels
and coordinate the entry and motility of
lymphocytes through the LN*'. Fibroblastic
reticular cells also express homeostatic
chemokines, including CXCL13, CCL19 and
CCL21, as well as key integrin ligands, such
as VCAM1 and ICAM1 (REF™).

Another secondary lymphoid tissue in
the respiratory system is the nasopharyngeal
cavity (nasal)-associated lymphoid tissue.

Prolonged infection in mice and humans
induces the generation of additional
bronchus-associated lymphoid tissue.
The key leukocyte trafficking molecules
expressed by the different HEV's within
mediastinal LNs, nasal-associated lymphoid
tissue and inducible bronchus-associated
lymphoid tissue include a group of
constitutively expressed glycoprotein
ligands for L-selectin (also known as
CD62L), which capture lymphocytes and
subsets of monocytes and allow them to
roll on the HEV surface in search of stop

signals***. The LFA1 integrin ligands ICAM1
and ICAM2 are critical for lymphocyte arrest
on all LN HEVs* (TABLE 2). Notably, VCAM1
is particularly enriched on HEV's of human
inducible bronchus-associated lymphoid
tissues and may contribute to the recruitment
of memory T and B cells to these lymphoid
tissues during late stages of influenza virus
infections®. Naive T and B lymphocytes
require the chemokine receptor CCR7 to
transmit critical intracellular signals that
change the conformation of their LFA1 into

a functional state in order to allow these cells
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to stop on HEVs and cross these vessels*’.
The main chemokine ligand for CCR?7,
CCL21, is displayed on both the luminal
and the basolateral aspects of HEVs*.
Under strong inflammatory conditions,
HEVs can express or present additional
adhesive and chemokine signals, which
recruit subsets of regulatory NK cells and
inflammatory monocytes*-*'. During
various infections, inflammatory monocytes
are recruited to inflamed HEVs via specific
CCR2-binding chemokines that are displayed
by the endothelial cells of the HEVs™*",

As inflammatory monocytes express
L-selectin and LFA1, but lack CCR?7, they are
normally restricted from homing to resting
LNs. The CCR2-binding chemokines and
additional inflammatory chemokines
produced by various cells in the infected
LNs (for example, CXCR3 ligands*) may
be transported to HEV's through the

LN conduits™. In addition to recruiting
monocytes and NK cells, CXCR3 ligands
displayed on inflamed HEV's can also
promote the recruitment of plasmacytoid
DCs with high CXCR3 expression

(TABLE 2). Viral infections may also induce
the expression of endothelial selectins
(P-selectin and E-selectin) that function
independently of L-selectin in recruiting
these plasmacytoid DCs and NK cells to the
inflamed HEVs*»**. So far, these molecular
changes have been shown for HEV's within
peripheral LNs but are likely shared with
HEVs of lung-draining LNs.

Leukocytes recruited to infected lungs
The initial innate immune response to
respiratory infections orchestrates the
generation of adaptive immunity and
facilitates the recruitment of various
immune cell subsets. In the following
subsections, we discuss the trafficking of
these immune cells across distinct vascular
beds and lymphatic vessels in influenza
virus infections and, where known, in
SARS-CoV-2 infections. We also briefly
discuss the potential contributions of these
leukocyte subsets to either productive or
dysregulated immune responses, as well as
to the resolution of viral infection-induced
lung injury.

Neutrophil trafficking and vascular
damage. Neutrophils, monocytes and

NK cells are among the first innate
immune cells to be recruited to the lung
following viral infections. In influenza
virus infections, neutrophils may promote
clearance, or aggravate pathology, via a
feedforward inflammatory circuit™.

The cytokine G-CSF and the chemokine

CXCL4, which are produced by multiple
types of epithelial and endothelial cells of
influenza virus-infected lungs, promote
neutrophil mobilization from the bone
marrow to the inflamed lung**". Several
other neutrophil-recruiting chemokines
are released by influenza virus-infected
epithelial cells, alveolar macrophages and
interstitial macrophages (FIG. 2), including
CXCLI1 (mice and humans), CXCLS (also
known as IL-8) (humans), CXCL2 and
CCL3 (mice and humans)**. Neutrophil
recruitment is also enhanced by platelets,
which bind to and tether activated
neutrophils to inflamed blood vessels™
(FIG. 3). Once they breach the endothelial
lining of different blood vessels, neutrophils
secrete matrix metallopeptidases and
elastase, which cleave type IV collagen

PERSPECTIVES

within the endothelial basement membranes
of these various vessels®. In the interstitium,
neutrophils are rapidly recruited to the
bronchoalveolar space following chemokine
gradients that are assumed to be generated
across these various epithelial barriers
during viral infections such as influenza or
COVID-19 (REF®).

Important viral clearance mechanisms
of neutrophils include the production of
pro-inflammatory cytokines, the
phagocytosis of dying virus-infected
epithelial cells and macrophages,
and the release of granular content,
including cationic antimicrobial peptides
such as defensins and cathelicidins®.
Neutrophils entrapped inside inflamed
pulmonary vessels can produce neutrophil
extracellular traps (NETs) in a process

Box 1| Molecular targets of influenza viruses and coronaviruses

Influenza viruses

Influenza viruses utilize the carbohydrate-binding protein haemagglutinin (HA) for binding to, fusing
to and entering target cells, and the enzyme neuraminidase (NA) to cleave the glycosidic bonds of
terminal sialic acid (neuraminic acid) moieties present on most plasma membrane glycoproteins to
mediate attachment and release'®’. Most seasonal influenza virus infections occur in the larger
airways, trachea and nasopharynx, and these viruses are termed ‘bronchotropic’. The exceptions are
the highly pathogenic and generally pneumotropic influenza A virus strains such as 1918 H1IN1,
H5N1 and H7 viruses, which replicate deep in the lung airways and alveoli. The 2009 H1N1 virus is
also pneumotropic but less pathogenic owing to characteristics of the virus as well as pre-existing

cross-reactive immunity in most people’®

. The distribution of sialic acids on cell surfaces is the

primary determinant of the tropism of the influenza virus, and the pattern of linkage of these sialic
acids to glycans on the surface of target cells has a significant impact on the ability of the influenza

virus virion to attach to a target cell and initiate a viral infection

%6, a2,3- or a2,6-linked sialic acids

have different distributions within different regions of the human respiratory tract, and between
different animal species. The lack of significant amounts of a2,3-linked sialic acid in the upper
respiratory tract is an important restrictive factor for influenza virus infection in humans, limiting

infections to a2,6 tropic viruses'®

. Other factors dictating the location and spread of influenza virus

infection are the gross anatomy of the host, the composition of the mucus present on the upper and
lower airway epithelial cell lining, the density of HA/NA on the viral envelope and viral morphology
(TABLE 1). The oropharynx is usually the first site of influenza virus infection'®’. It is widely accepted
that airborne transmission of the HIN1 and H3N2 influenza virus subtypes is almost exclusively
mediated through viral particle spread from the upper respiratory tract, rather than viral particles
originating from the lower respiratory tract'*>'*’, thereby explaining why H5N1 viruses, which
replicate primarily inside the lungs and not in the upper respiratory tract, rarely transmit from

person to person.

Coronaviruses

Coronaviruses are widespread and cause a broad range of respiratory diseases in humans and

animals. The vast majority of these viruses typically infect the upper respiratory tract, but three

of them, severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory
syndrome coronavirus (MERS-CoV) and SARS-CoV-2, also replicate in the lower respiratory tract
in humans. SARS-CoV-2 infectivity depends primarily on the expression of angiotensin-converting
enzyme 2 (ACE2) on the host cell, and of proteases such as furin, TMPRSS2 and cathepsin L, which
facilitate viral entry®. The expression of these cofactors determines susceptibility to infection, and
may vary with age, sex and co-morbidities such as metabolic diseases'®. Notably, nasal epithelial
cells, including goblet and ciliated cell subsets, show the highest ACE2 expression among all
investigated cell types in the respiratory tract'®® (TABLE 1). However, SARS-CoV-2 also infects
ciliated, mucus-secreting and club cells of the bronchial epithelium, as well as type 2 pneumocytes
(FIG. 1). The high infectivity and spread of SARS-CoV-2 along the airways is enabled by the
particularly high affinity of the SARS-CoV-2 spike protein for ACE2 (REFS*****°). SARS-CoV, unlike
SARS-CoV-2, does not spread past the lung as successful SARS-CoV infection depends on the
presence of TMPRSS2 and cathepsin L, proteins that are restricted to the respiratory system.

By contrast, SARS-CoV-2 infection via ACE2 depends on the presence of furin, which is
ubiquitously expressed in endothelial cells and in other target cells'®.
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termed ‘NETosis, and these are thought
to capture viral particles and thereby
restrict viral dissemination
NETosis can also aggravate damage to the
pulmonary endothelia and epithelia in
severe influenza-induced pneumonia®.

. However,

NETs also activate the extrinsic and intrinsic
coagulation pathways® (FIC. 3). Pro-NETotic
states, reflected in elevated serum levels

of myeloperoxidase (MPO)-DNA and of
citrullinated histone H3, were recently reported
in patients with severe COVID-19 (REF®).

In some settings, neutrophils can also
secrete large amounts of CCL2, promoting
monocyte recruitment®’. Thus, elevated
recruitment and activation of neutrophils
can promote acute lung injury and acute
respiratory distress syndrome, which are

Table 2 | Trafficking molecules involved in leukocyte recruitment to influenza virus-infected lungs®

Vessels

Postcapillary
vessels around
the lower
airways

Pulmonary
capillaries

HEV:s (resting)

HEVs
(inflamed)

Key leukocyte subset

Neutrophils

Inflammatory monocytes and preDCs
NKT cells

CTLs/T,1 effector cells

T cells

reg

Mast cell precursors
Eosinophils, ILC2

yO T cells

Plasma B cells
CD56"* NK cells, ILC1

Patrolling monocytes
Neutrophils
Inflammatory monocytes
NKT cells

CTL/T,1 effector cells
CD56"* NK cells

Tqcells

Patrolling monocytes
Naive T cells

Naive B cells

Central memory T cells
ILC1,ILC2

Neutrophils

Central memory T cells
Inflammatory monocytes and preDCs
CD56Ms"NK cells, ILC17?
Tqcells

Blacells

pDCs

Leukocyte-expressed Leukocyte-expressed chemokine

L-selectin or selectin

ligands

P-selectin and
E-selectin ligands

P-selectin and
E-selectin ligands

P-selectin and
E-selectin ligands

P-selectin and
E-selectin ligands

P-selectin and
E-selectin ligands

P-selectin and
E-selectin ligands

P-selectin and
E-selectin ligands

P-selectin and
E-selectin ligands

P-selectin and
E-selectin ligands

P-selectin and
E-selectin ligands

None
None
None
None
None
None
None
None
L-selectin
L-selectin
L-selectin
L-selectin
L-selectin
L-selectin
L-selectin
L-selectin
L-selectin
?

E-selectin ligands

receptors

CXCR1, CXCR2,CXCR4, PAFR, BLT1

CCR1,CCR2,CCR5

CXCR3,CXCR67?

CCR4, CCR5, CXCR1, CXCR3, CXCR6

CCR4, CCR5, CCR6, CXCR3

CXCR2,CXCR4,BLT1

CCR3, CXCR2

CCR3, CCR6, CXCR3,CXCR6

CXCR4, CXCR6

CCR1, CCR5,CXCR3

None

CXCR1, CXCR2, PAFR, BLT1, C5aR
CCR2,CCR5

CXCR3, CXCR6

CCR4, CCR5, BLT1?

CCR2, CCR5, CXCR1, CXCR3, CXCR6
CCR4, CXCR3

None

CCR7

CCR7,CXCR5, EBI2

CCR7

CCR7

?

CCR7,CXCR3

CCR2

CCR7,CXCR3

CCR7

CXCR3?

CXCR3

Integrins expressed
by the respective
leukocytes

LFA1, MAC1?, VLA4
VLA4, MAC1

VLA4, MAC1, LFA1
VLA4, LFA1

VLA4, LFA1

VLA4, LFA1

VLA4, LFA1

VLA4, LFA1

VLA4, LFA1

VLA4, MAC1, LFA1

LFA1

MAC1?

MAC1

LFA1, MAC1

LFA1

MAC1, LFA1

LFA1

LFA1

LFA1

LFA1

LFA1, a4 integrins?
LFA1

LFA1, MAC1

LFA1, a4 integrins?
LFA1, MAC1

LFA1

LFA1

MACT, LFA1

LFA1

The data are based on expression patterns of major integrin ligands and chemokines from mouse models of influenza-associated inflammation as well as of virus-infected
postcapillary venules in other organs whenever information is not available from influenza virus infection studies or from patients with coronavirus disease 2019
(COVID-19). Owing to limited space, most examples are based on those discussed in reviews’"**'*3, Specialized examples identified in lung studies are cited in the main
text. Question marks are listed whenever lung-related data are not available to confirm the presence of the indicated trafficking molecule. BLT1, leukotriene B4
receptor 1; CTL, cytotoxic T lymphocyte; HEV, high endothelial venule; ILC, innate lymphoid cell; LFA1, lymphocyte function-associated antigen 1; MAC1, macrophage
1 antigen; NK, naturalkiller; PAFR, platelet-activating factor receptor; pDC, plasmacytoid dendritic cell; preDC, precursor dendritic cell; T, 1 cell, T helper 1 cel|; T, cell,
regulatory T cell; VLA4, very late antigen 4. °Integrin usage by individual leukocytes depends on ligand expression and the presence of integrin-activating signals,
primarily chemokines.
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the main complications of severe influenza
virus and SARS-CoV-2 infections*®®. These
conditions are characterized by increased
permeability of lung capillaries and the entry
of solutes and fluids into the alveolar lumen”
(BOX 3). In addition to increasing pulmonary
oedema and facilitating leukocyte
emigration, elevated vascular permeability
may potentially facilitate SARS-CoV-2
dissemination to the circulation’.

Monocyte trafficking and pathologies. In
humans, three circulating monocyte subsets
have been classified on the basis of relative
expression levels of CD14 and CD16 (also
known as FcyRIII): classical (more than
80% of circulating monocytes), intermediate
(about 15% of circulating monocytes) and
non-classical (less than 5% of circulating
monocytes) monocyte subsets”. The last
subset, also termed ‘patrolling monocytes’™,
is long-lived. Through the expression

of their constitutively active LFAI,

these cells bind to ICAM1 and ICAM2,
which are constitutively expressed by the
endothelial cells of different blood vessels,
including capillaries. This binding allows
patrolling monocytes to ‘crawl’ along

these endothelial cells and detect signs

of injury without emigrating to blood
vessels (TABLE 2). By contrast, classical and
intermediate monocytes are guided by
endothelial selectins, multiple inflammatory
chemokines and integrin ligands to emigrate
to inflamed blood vessels within different
lung compartments during different phases
of influenza virus infection (TABLE 2). These
recruited monocytes may also facilitate
neutrophil extravasation across the inflamed
alveolar capillaries”. Inflammatory
monocytes that infiltrate the lung undergo
differentiation into either monocyte-derived
DCs or ‘exudate macrophages, which release
a large array of inflammatory chemokines
(for example, CXCR3 ligands) as well

as type I interferons™”. A hallmark of
severe influenza virus infections, which

has also been reported in patients with
severe COVID-19, is the CCR2-mediated
exit (mobilization) of these various
monocyte subsets from the bone marrow™.
A fraction of these inflammatory monocytes
replace the tissue-resident alveolar
macrophages, which normally constitute
90% of the total lung macrophages' and
normally die during early phases of
SARS-CoV-2 infection’. During influenza
virus infection, alveolar macrophages and
inflammatory monocytes contribute to the
progressive clearance of the virus via Fc
receptor-mediated antibody-derived cellular
phagocytosis of infected cells®>””. However,

PERSPECTIVES

Box 2 | Complement in lung injury

A key pathological axis involved in lung injury associated with primary viral infections is the
complement system, which forms an integral component of the innate immune response to
viruses. It promotes both leukocyte emigration from the blood and dendritic cell migration into
lung-draining lymph nodes'®. Complement pathways lead to the release of the peptides C3a, C4a
and C5a and ultimately the generation of the membrane attack complex (C5b—C9). In severe
influenza virus and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections,
components of the lectin and alternative complement pathways can induce excess detrimental
inflammation’*’, and therapeutic targeting of these complement components can potentially
improve outcomes of infection'?". It was recently shown that C3, released from platelets containing
influenza virus particles, may affect NETosis (FIG. 3) and myeloperoxidase release'*’. Furthermore,
the development of thrombotic microvascular injury in patients with severe coronavirus disease
2019 (COVID-19) (FIC. 3) was shown to be facilitated by the terminal components of the
complement cascade, C5b—C9 (REF.'*). Preclinical studies in influenza virus infections suggested
that targeting specific components of the complement pathways may be beneficial. For instance,
in a mouse model of H5N1 influenza virus infection, an antagonist of C3a receptor was shown to
limit acute lung injury and improve survival without compromising viral clearance®. Similarly,
blocking the neutrophil chemotactic complement component C5a in primates infected with H7N9
influenza virus limited acute lung damage'*“. Specific targeting of C5a with a monoclonal antibody
was also shown to decrease the lung infiltration of neutrophils and macrophages in patients with
severe avian influenza'*. It was recently reported that inhibition of C5a is also of benefit in a cohort

of patients with COVID-19 with complement hyperactivation'®.

pro-inflammatory monocyte-derived
macrophages (M1 macrophages) can

also contribute to pulmonary damage

by secreting elevated levels of inducible
nitric oxide synthase, TNF, IL-6 and
matrix metallopeptidases®. Similar
mechanisms may occur in patients

with severe SARS-CoV-2 infection, as

this is often associated with a cytokine
storm”™ and the excessive recruitment of
IL-6-producing monocytes to infected
lungs®. Systemic levels of IL-6 also appear
to be directly correlated with the severity
of COVID-19 (REF?). There is also concern
that macrophages may become infected with
SARS-CoV-2 through antibody-dependent
enhancement, a phenomenon where

the uptake of virus is facilitated by
non-neutralizing antibodies that bind to
Fc receptors on macrophages”. However,
the relevance of antibody-dependent
enhancement for SARS-CoV-2 pathologies,
especially during a primary infection,
remains unclear®.

NK cell trafficking and functions.
Circulating CD19-CD3-CD56* NK cells

are recruited to the inflamed lung early
during influenza virus infection®. There

is a well-documented division of labour
within the NK cell compartment. CD56""
NK cells express high levels of CD16 and
killer cell immunoglobulin-like receptors®,
conferring them with the ability to lyse
infected cells via their activating receptors
NKp44 and NKp46, which can directly bind
to the glycoprotein haemagglutinin (HA)
on the surface of influenza viruses® (BOX 1).
CD56" NK cells, which lack these receptors,

perform regulatory functions by secreting
cytokines and chemokines on stimulation
by IL-18, which is secreted by epithelial
cells, and IL-12, which is secreted by

DCs®. The cytotoxic CD56" NK cell
subtype and the regulatory CD56"

NK cell subtype express similar sets

of chemokine receptors™ (TABLE 2).

In addition, IL-15, produced by influenza
virus-infected lung airways®, is chemotactic
for most NK cells*. A potential direct
contribution of regulatory NK cells

to influenza virus-associated and
SARS-CoV-2-associated acute respiratory
distress syndrome is still unclear, but

a subset of these regulatory NK cells
produces CXCL1 and CXCL2 and enhances
pulmonary neutrophil recruitment. Given
that lung-recruited monocytes produce
large amounts of the CXCR3-binding
chemokines CXCL9 and CXCL10 (REF?),
NK cells responding to these chemokines
can orchestrate additional monocyte and
neutrophil accumulation, which can further
worsen the lung injury”. Similarly to

what is observed in patients infected with
influenza A virus subtype HIN1, NK cell
cytopenia in the blood, coupled with
enhanced infiltration of NK cells into the
inflamed bronchoalveolar space, appears to
directly correlate with COVID-19 severity*.
Although there are other similarities with
influenza virus infections, the beneficial
versus pathological contribution of different
NK cell subsets during severe SARS-CoV-2
infections and the precise combinations of
trafficking molecules used by these cells to
accumulate in infected lungs await further
elucidation.
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Box 3 | Vascular permeability changes in infection

Increased vascular permeability is one of the major hallmarks of virus-induced acute lung injury®®*°.
Endothelial barrier properties are tightly controlled by junctional complexes, which include
adherens junctions, tight junctions and gap junctions?’. Adherens junctions are composed of
vascular endothelial cadherin (VE-cadherin) assemblies'®’. Disrupting these multimeric VE-cadherin
assemblies via redistribution, internalization, weakening of VE-cadherin tail interactions with the
endothelial cortical cytoskeleton or via proteolytic shedding leads to dramatic changes in vascular
permeability'*®. The barrier properties of these endothelial cells as well as those of other vascular
beds susceptible to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections can
be rapidly disrupted by a rise in intracellular calcium concentration induced by thrombin, released by
activated platelets and platelet-neutrophil aggregates (FIC. 3 and reviewed in REF.**). Reactive oxygen
species, locally secreted by these aggregates or by entrapped neutrophils’’, can also increase vascular
permeability. In addition, in severe influenza virus infection and likely also in SARS-CoV-2 infection,
VEGF"”’, tumour necrosis factor (TNF), IL-1B, NO and bradykinin, secreted by infected epithelial cells,
by the endothelial cells lining the pulmonary vessels (primarily capillaries) and by both resident and
recruited leukocytes’’, may each increase lung vessel permeability and injury by reducing the integrity
of VE-cadherin assemblies and driving endothelial contractility (reviewed in REFS**').

Innate lymphocytes in lungs and LNs.

ILCs, which include the NK-cell related
ILC1, ILC2 and ILC3 subsets, are early
producers of interferon-y, IL-13 and IL-17,
respectively, and have been implicated in
various immune responses in lung infections
and asthma®. In influenza virus infections,
ILCs play versatile roles, including in

viral immunosurveillance and repair of
lung damage™. ILCI1, ILC2 and ILC3 are
primarily tissue resident both in lymphoid
organs and in non-lymphoid organs, as they
originate in situ from tissue progenitors’'.
At later stages of infection, however,
haematogenous replacement of tissue ILCs
has been shown to play an important role in
ILC homeostasis”. For instance, the ILC1
and ILC2 subsets released from the bone
marrow can migrate into inflamed lungs
and also recirculate through resting and
inflamed LNs”. The trafficking signals used
by these different ILCs to enter influenza
virus-infected lung and lung-draining LNs
are still largely unknown (TABLE 2).

DC trafficking during influenza virus
infection. The infected respiratory tract
and its draining LNs are the main sites of
initiation of T cell responses following the
capture of viral antigens by respiratory
DCs or by LN macrophages™. During
influenza virus infections, and likely also
during SARS-CoV-2 infection, airway and
interstitial DCs play an essential role in
mounting protective antiviral CD8" T cell
responses and in controlling the degree of
inflammation®. The DC network in the
respiratory tract is composed of several
subsets that differ in phenotype, anatomical
distribution and function (reviewed in
REFS?>?). The major resident DC subsets
in the normal (non-inflamed) murine
lung are respiratory conventional DCs
(cDCs) and alveolar DCs. Virus-infected

human and murine lungs are enriched
with additional DC subsets derived from
monocytes or from precursors of cDCs.
Precursor DCs are recruited to the infected
respiratory tract from the bone marrow

in response to CCR2 chemokines released
into the circulation (FIC. 1). Epithelial cells
that are infected by influenza virus produce
additional DC-activating cytokines such

as IL-1B, GM-CSF and IL-3. By releasing
various pathogen-associated molecular
patterns and damage-associated

molecular patterns, they facilitate

DC differentiation and maturation”.

The binding of natural or cross-reactive
antibodies to influenza virus particles also
leads to the formation of immune complexes
that can drive DC maturation®. Whether
such immune complexes also occur in the
early stages of SARS-CoV-2 infection is
questionable as cross-reactive antibodies
are rare”.

The acquisition of influenza virus
antigens by cDCs is achieved mainly by
phagocytic engulfment of cell-free virions
or of dying/dead infected epithelial cells
that contain viral antigens”, and these
highly conserved mechanisms are likely
shared during SARS-CoV-2 infections.

In mouse models, the clearance of influenza
virus from the lung has been shown to
depend on migratory langerin-positive
CD103*CD11b™ DCs, which need to
upregulate CCRY7 in order to egress from
the bronchial tissues and enter draining
LNs”>". DCs may also use lymphatic vessel
endothelial hyaluronic acid receptor 1
(LYVEI) to migrate through lymphatic
vessels enriched with hyaluronan as shown
in a mouse skin contact hypersensitivity
model”. During early phases of influenza
virus infection, migratory DCs are
transported into the subcapsular sinus of
draining LNs via afferent lymphatic vessels,

gain access to the LN parenchyma and enter
the T cell paracortex of the mediastinal
LN°%%, Although DCs are critical for the
priming of both CD8" and CD4" T cells

in all known viral infections’>*, in the

late stages of infections, cross-reactive
memory B cells that had been generated

in response to previous infections enter
infected mediastinal LNs via HEV's and also
participate in antigen presentation to CD4*
T cells”. Although studies are still lacking,
it is very likely that in primary SARS-CoV-2
infections this pathway is limited as
SARS-CoV-2 cross-reactive memory B cells
are rare in naive individuals®.

T cell trafficking to sites of infection. The
clearance of a primary infection with
pneumotropic influenza viruses and likely
of SARS-CoV-2 infection requires potent
cytotoxic CD8* T cell responses'™*'"". In
addition, there appear to be contributions
to viral clearance from subsets of CD4*

T cells (most clearly identified in patients
with influenza) that acquire cytotoxic
functions and are generated from naive

and central memory virus-specific

CD4* T cell clones'*>'**. The various effector
T cells generated in mediastinal and other
respiratory LNs (FIC. 1) egress from these
LNs through the efferent lymphatic vessels
in response to signals from the sphingolipid
S1P, which is constitutively expressed by
these vessels'*, and return to the blood.
They accumulate in the airways and the lung
parenchyma in response to combinations

of distinct trafficking signals expressed by
airway and alveolar blood vessel endothelial
cells (TABLE 2). As these T cells downregulate
their LN homing receptors (for example,
CCR7 and L-selectin) and upregulate

LFA1 and VLA4, and chemokine receptors
recognized by ligands presented on the
airway blood vessels and alveolar capillaries,
these effector T cells can readily emigrate
from these vessels rather than returning

to lung-draining LNs (FIG.2; TABLE 2).
Notably, influenza virus antigens can also
be transferred from the lung to the spleen
and bone marrow, where they are presented
by various antigen-presenting cells and
elicit CD4* and CD8" T cell priming

and differentiation'”. These effector T cells
can also return to the circulation and home
to vessels near the various infected airways.
Whether SARS-CoV-2 antigens are similarly
transferred to the spleen and bone marrow
and elicit similar antivirus T cell priming is
still unknown'®. The trafficking properties
of effector T cells generated in the spleen
and the bone marrow, in particular their
chemokine receptor repertoire, are, however,
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likely different from those generated in
lung-draining LNs as the latter involve
specific imprinting by lung DCs'®.

As is the case for innate leukocytes,
the entry of virus-specific effector T cells
via capillaries into the alveolar space is
unlikely to involve the classical multistep
adhesive cascades that are typically initiated
by selectin-mediated capture and rolling
on inflamed postcapillary venules (FIC. 2).
Rather, effector T cells bind to ICAM1
and ICAM2, which are abundantly and
constitutively expressed by all alveolar
capillaries and prolong the time during
which these T cells are retained inside the
capillaries'””. Without these LFA1-dependent
interactions, effector T cells are predicted
to respond less efficiently to chemotactic
cues displayed across the capillary linings
of individual inflamed alveoli'”” (TABLE 2).
On the other hand, effector T cell entry
to the bronchial lamina propria during
viral infections, including influenza virus
infections, likely involves E-selectin,
P-selectin and VCAM], a key VLA4 ligand
expressed by both resting and inflamed
postcapillary vessels'** (TABLE 2; FIC. 2).
Although CD4" and CD8" effector T cells
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express the VCAM1-binding integrin VLA4
(REF.'") as well as multiple glycoprotein
ligands for these selectins, including the
P-selectin and E-selectin ligand PSGL1
(REF.'?), it is still unclear when and how
these different selectins function in
capturing circulating effector T cells in the
postcapillary venules around influenza
virus-infected or SARS-CoV-2-infected
bronchial airways. It is likely, however, that
these T cells must bind to one or several

of the canonical chemokine receptors,
including CCR2, CCR4, CXCR3 and CCRS5,
as well as leukotriene B4 receptor 1 (BLT1),
to successfully cross these vessels and

enter the infected lamina propria'**'!!
(TABLE 2; FIG. 2). Subgroups of individuals
carrying the CCR5A32 loss-of-function
mutation suffered from increased lethality
during the 2009 H1N1 influenza pandemic,
implicating this chemokine receptor in
beneficial lymphocyte migration and
function in this infection. Whether this
polymorphism is also a risk factor for
patients with COVID-19 remains an open
question. However, it has been reported that
CCRS5 blocking can reduce viral loads in

critically ill patients with COVID-19 (REF.').

b

Activated
endothelial cell
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Circulating memory CD8" T cells may use
CCRS5 also for recruitment into airways
during secondary viral infections'"’. After
crossing the vascular endothelial layers

of these blood vessels and their basement
membrane, and navigating through the
collagen-rich interstitium guided by
chemokines that bind to CXCR3, CXCR6
and CCR5 (REF?), effector T cells either
cross the proximal epithelial layer to reach
the airway lumen or become trapped inside
or below this layer''". IL-15 produced by
influenza virus-infected airways is also
involved in effector T cell recruitment'".

A recent genome-wide association study on
patients with severe COVID-19 identified
single-nucleotide polymorphisms in
CXCRG that are associated with reduced
expression of the key chemokine receptor
CXCR6 (REF.'). Although preliminary, this
study points to a potential role of CXCR6
in efficient effector T cell recruitment and
protective function in SARS-CoV-2-infected
airways during primary infections.

As acute viral lung infections are cleared,
short-lived CD8" effector T cells are replaced
by CD127" memory precursor T cells, which
are capable of generating long-lived lung

Intrinsic/contact

Neutrophil coagulation

Monocyte
Extrinsic coagulation

Thrombus

pathway

pathway

) )

I I

Fig. 3 | Involvement of endothelial and leukocyte trafficking molecules
in the vascular pathophysiology of COVID-19 in the lungs and other
organs. a | Dysregulation of the renin-angiotensin-aldosterone system
(RAAS) as a consequence of the downregulation of angiotensin-
converting enzyme 2 (ACE2) by viral binding leads to decreased cleavage
of angiotensin | and angiotensin I, resulting in elevated vasoconstriction
and increased vascular permeability. Viral binding also results in endo-
thelial cell damage, endothelial cell activation and thromboinflammation.
b | Thromboinflammation in blood vessels is driven by the activation of
endothelial cells and blood monocytes, which increase tissue factor mem-
brane expression. Tissue factor is a key driver of thrombin generation.
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-infected
or damaged endothelial cells, as well as endothelial cells stimulated by
systemic or locally produced cytokines, upregulate the expression of adhe-
sion molecules such as ICAM1 and of monocyte and neutrophil chemo-
attractants such as CXCL1 (not shown) and CCL2. The binding of thrombin

to endothelial receptors (not shown) mobilizes vesicles containing pre-
stored P-selectin and von Willebrand factor (vWF) (not shown), which, in
turn, facilitate the recruitment of neutrophils and bind to and activate
circulating platelets, respectively. The endothelial cell damage induced by
the virus also exposes endothelial tissue factor, which further amplifies
platelet deposition and thrombus formation. Moreover, monocytes and
neutrophils are recruited to the damaged vessels by deposited platelets.
Monocyte-derived tissue factor-rich microvesicles also activate the extrin-
sic coagulation pathway. Neutrophils recruited by the damaged endothe-
lial cells and platelets can release neutrophil extracellular traps (NETs),
which activate the intrinsic (contact activation) coagulation pathway, lead-
ing to massive fibrin deposition and blood clotting. Both neutrophils and
monocytes express the integrin macrophage 1 antigen (MAC1), which
allows them to bind to the damaged endothelial cells, activated platelets
and deposited fibrin. COVID-19, coronavirus disease 2019. Adapted from
REF.*® and REF.**, Springer Nature Limited.
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CD8" resident memory T cells (T, cells),
primarily along the bronchial tree'””. These
cells are guided by the homeostatic
bronchial epithelial cell-derived CXCR6
ligand CXCL16 (REF.'"). Other long-lived
memory cells can recirculate via lymphoid
organs as central memory T cells or via other
peripheral tissues as effector memory

T cells. After influenza virus clearance,

Ty cells enriched near the bronchial epithe-
lia upregulate CD49a (also known as VLA1),
an integrin that serves as a receptor for col-
lagen IV, a key component of the epithelial
basement membrane, and CD103, an inte-
grin that binds to E-cadherin expressed by
numerous airway epithelial cells. Moreover,
these lymphocytes concomitantly down-
regulate LFA1 expression'". In addition,
influenza virus-specific CD4* effector T cells
can differentiate into Ty, cells that express
elevated levels of LFA1 (REF'*), which may
allow them to bind to nearby epithelial cells
that constitutively express ICAM1, but it

is still unclear whether these cells persist

and have long-term protective properties.
Notably, prior exposure to various influenza
viruses has been shown to expand the pool of
T cells to provide partial protection from
heterosubtypic influenza virus strains'®>!'”!"%,
Such tissue-resident SARS-CoV-2 cross-
reactive CD8" and CD4" memory T cells
might also exist in individuals previously
exposed to seasonally circulating coronavirus
strains''*'?". The protective potential of such
cross-reactive CD8* and CD4" T cells in pri-
mary SARS-CoV-2 infections, is, however,
still unclear.

Leukocyte trafficking in lung repair. Lung
recovery after viral infection has been
studied in depth in mouse and ferret models
of HINI influenza virus infection'”. During
infection, the collagenous assemblies in
which both bronchioles and alveoli are
embedded are extensively remodelled and
take prolonged time to resume their original
states'””. The resolution of lung influenza
virus infections is controlled by several

key mechanisms and involves various
resolving mediators, including lipoxins

and protectins'*. For instance, protectin

D1 levels correlate inversely with influenza
virus replication and immunopathology'*.
Peroxisome proliferator-activated
receptor-y, a transcription factor expressed
on numerous immune cells and platelets and
activated by various endogenous ligands,

is another key resolution factor, primarily
owing to its ability to downregulate nuclear
factor-kB-mediated transcription'”. The
binding of prostaglandins to peroxisome
proliferator-activated receptor-y attenuates

monocyte and neutrophil trafficking,
dampens the transcription of inflammatory
mediators and increases survival'*. Another
factor in the resolution of lungs following
influenza virus infection is the atypical
receptor ACKR2, which scavenges multiple
inflammatory CC chemokines'”. Deficiency
in ACKR2 results in pulmonary dysfunction
owing to accelerated recruitment of
pathogenic lymphocytes to influenza
virus-infected lungs'*.

At later phases of influenza virus
infections, subsets of CD8* effector T cells
become a major source of IL-10 near sites
of epithelial infection, which dampens
exaggerated innate and adaptive immune
responses. These cells facilitate tissue repair
along with macrophages, NK cells and ILCs,
in particular ILC2 cells™. Soon after the
initiation of resolution of inflammation,
newly recruited T, cells accumulate in
various lung compartments, where they can
attenuate inflammation via the production
of transforming growth factor-p and IL-10
(REF'). T,,, cells recruited by blood vessels
near terminal bronchioles also activate
progenitor bronchioalveolar stem cells
to differentiate into type 1 and type 2
pneumocytes'*’. T, cells also attenuate
fibrosis by inhibiting fibrocyte recruitment
and proliferation, tightly regulated by the
CXCR4-CXCL12 axis'". T, cells express
the growth factor amphiregulin, and
T, cell-specific amphiregulin deficiency
impairs lung recovery in a murine model of
influenza'*>. Amphiregulin is also produced
by ILC2 cells, which are involved in recovery
following influenza virus infection in mice®.
As potent producers of IL-5, lung ILC2
cells may also regulate the infiltration of
tissue-repairing eosinophil subsets at late
stages of influenza virus infection®. Many
other leukocyte subsets (NK cells, NKT cells,
ILC3 cells, T helper 17 cells (T};17 cells),
T,;22 cells and y8 T cells) mitigate epithelial
injury via IL-22 production'**'**. Regulatory
NKT cells also reduce the accumulation
of inflammatory monocytes in influenza
virus-infected lungs'*. y8 T cells accumulate
in the bronchoalveolar space only at late
phases of influenza virus infection and are
thought to contribute to lung recovery by
multiple mechanisms in addition to IL-22
production'. The involvement of similar
leukocyte subsets in lung repair processes
during recovery from severe COVID-19
awaits confirmation by studies on patient
samples and animal models. The trafficking
signals that allow leukocytes involved in
lung repair to migrate from the pulmonary
circulation into different lung compartments
also remain unknown.

Vascular pathologies beyond the lung
Most influenza viruses are restricted to the
respiratory tract, owing to their requirement
of a trypsin-like enzyme that is specifically
expressed in the lung epithelium (BOX 1).
SARS-CoV-2 infectivity is considerably
broader than that of influenza virus'”
(TABLE 1). Arterial and venous endothelial
cells express angiotensin-converting
enzyme 2 (ACE2)"*, the main entry receptor
for SARS-CoV-2, and are therefore potential
targets for infection. In addition, the
SARS-CoV-2 entry receptor neuropilin 1 is
expressed in a variety of endothelial cells and
neurons across tissues'*”’. The exceptionally
broad infectivity of SARS-CoV-2 allows the
virus, once disseminated into non-respiratory
blood vessels, to infect other organs, as
has been observed in patients with severe
COVID-19 (REFS*#). In these and other
subsets of patients, SARS-CoV-2 might also
invade peripheral nerve terminals and gain
access to the central nervous system'"'.

Another complication of severe
SARS-CoV-2 infection is excessive
coagulation and thromboinflammation®
(FIG. 3). This type of inflammation involves
excessive thrombin production, the inhibition
of fibrinolysis, activation of complement
pathways, deposition of microthrombi
and microvascular dysfunction'**'*”. In
contrast to patients with fatal influenza virus
infections, patients who die of SARS-CoV-2
infection often have widely disseminated
blood clots'*. Endothelial cells play essential
roles in regulating vascular haemostasis, and
resting endothelial cells prevent coagulation
through the presentation of antithrombin ITI
by heparin-like molecules, the synthesis of
thrombomodulin and prostacyclin, and the
maintenance of low levels of tissue factor'**'*>,
The vascular pathology of COVID-19 might
arise from direct ACE2 downregulation
induced by viral entry into cells, resulting in
a perturbed renin-angiotensin-aldosterone
system'** and increased levels of the ACE2
substrate angiotensin II, a vasoconstrictor
and profibrotic peptide®'*’ (FIG. 3). The
hypercoagulability seen in patients with
severe COVID-19 appears to be worsened by
platelet activation, which in turn contributes
to additional neutrophil and monocyte
recruitment and thromboinflammation®
(FIG. 2).

It is likely that blood vessels in the
lung are the first to be affected by this
SARS-CoV-2-mediated pathology. Once
viral particles spread beyond the pulmonary
vascular barriers, an impairment of the
antihaemostatic protective properties
of pulmonary vessels may result in
pulmonary embolism, leading to a possibly
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life-threatening underoxygenation of the
blood'**. Infection-mediated endothelial
cell injury in patients with COVID-19 is
characterized also by elevated levels of

von Willebrand factor and P-selectin and
the presence of activated neutrophils

and macrophages in multiple vascular beds,
including the kidneys, heart, small intestine
and liver®. Endothelial damage might also
account for the high rates of cardiovascular
complications in patients infected with
SARS-CoV-2 (REF). These processes likely
enhance the local stimulation of endothelial
cells and induce the de novo transcription
of E-selectin, ICAM1, VCAM1 and
inflammatory chemokines that promote
neutrophil and monocyte recruitment
(TABLE 2). These events may result in a vicious
cycle of vessel damage, inflammation,
additional leukocyte recruitment and
enhanced thromboinflammation (FIC. 3).
The systemic stimulation and damages

to the respiratory and non-respiratory
vascular systems can be further amplified
by a cytokine storm originating in the lungs.
Lung endothelial cells are orchestrators of
cytokine amplification during influenza
virus infections and likely contribute

also to the cytokine storm reported

in severe SARS-CoV-2 infections'*.

The risk factors for these SARS-CoV-2
infection complications are pre-existing
conditions such as hypertension (high
blood pressure), high cholesterol levels,
diabetes, obesity and heart diseases, which
are all morbidities associated with general
endothelial cell dysfunction and a high
susceptibility to additional damage'**'*.
The propensity of such patients to develop
serious complications can be attributed to
the chronic inflammatory status of their
vessels as well as to abnormal accumulation
of inflammatory myeloid leukocytes in
these extrapulmonary vessels®. It is therefore
anticipated that systemic vascular and
coagulation therapy might both attenuate
the pathological leukocyte recruitment

to extrapulmonary vessels and curb the
destructive functions of these leukocytes

in these vessels®. The inhibition of

specific leukocyte adhesion receptors and
chemoattractant receptors, particularly on
neutrophils and monocytes (FIG. 3), could
therefore prove therapeutically beneficial
to both respiratory and non-respiratory
manifestations of SARS-CoV-2 infection.

Conclusion

The COVID-19 outbreak represents the
greatest worldwide infectious challenge
in decades. Although featuring distinct
mechanisms of infection and pathological

outcomes, SARS-CoV-2 and influenza
viruses likely share similar mechanisms

of airway and lung inflammation and
recovery’. When cellular stimulation,
communication and effector functions

are balanced, in both influenza virus and
SARS-CoV-2 infections, viral clearance
occurs with minimal damage to the infected
airways and lungs. For SARS-CoV-2, akey
outstanding question is when and how the
lung and extrapulmonary blood vessels

are targeted by SARS-CoV-2, and under
what conditions the virus disseminates to
other organs, either via the circulation or
potentially via multiple neuronal routes'*'.
In addition, the trafficking molecules used
by leukocytes to interact with and emigrate
from pulmonary blood vessels and to
accumulate in extrapulmonary SARS-CoV-2-
infected tissues, as well as the role of these
leukocyte trafficking molecules in systemic
vascular damage, deserve extensive research.
Another open question is how the vascular
complications of severe SARS-CoV-2
infections are affected by metabolic chronic
inflammatory states and whether these states
also affect infectivity. Obesity, for example,
is a major co-morbidity factor in
SARS-CoV-2 infection. This condition can
affect numerous cell types in addition to
vascular cells and can bias lung immunity
to a type 17 response'*’. The involvement
of a type 17 response in SARS-CoV-2-
associated lung pathology remains an
intriguing topic to investigate. Other
pressing questions are the link between
severe course of the disease and defective
adaptive immunity (for example, in elderly
patients'*!) or the significance of pre-existing
SARS-CoV-2 cross-reactive memory

T cells'”. Complementary immunological,
single-cell transcriptomic and histological
analyses of blood and tissue samples from
patients with COVID-19 and post-mortem
analyses should shed more light on these
important issues'>?. New transgenic mouse
strains that allow close mimicking of the
course of human SARS-CoV-2 infection
and pathology might also help to dissect
the involvement of specific leukocyte
trafficking molecules in severe SARS-CoV-2
infections. Several known and newly
developed immunomodulatory drugs (for
example, dexamethasone'”, coagulation
inhibitors, neutralizing antibodies and
antiviral drugs) are currently being tested
in numerous clinical trials in patients with
COVID-19. However, to date, almost no
drugs that specifically target the trafficking
of pathological leukocytes or their adhesive
interactions with inflamed blood vessels or
platelet plaques have been tested for their

PERSPECTIVES

ability to improve clinical outcomes in
patients with severe COVID-19. We propose
that inhibitors of such specific leukocyte
trafficking molecules (TABLE 2), especially
integrin-blocking monoclonal antibodies
and small-molecule chemokine receptor
blockers, which are extensively characterized
in different inflammatory models', could
be tested for the improvement of current
treatments.
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