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1. ABSTRACT 

Influenza virus represents a major burden on human health due to the lack of efficient 

therapies to control disease progression. To develop new approaches for treatment and prevention 

against infection, a better understanding of the host-pathogen interactions that contribute to the 

progression of infection is required. In particular, understanding the innate immune responses 

against influenza virus represents a promising field for the early control of the infection and the 

priming of adaptive immune responses during vaccination. 

In this study, we comprehensively understood the most recent mechanisms involved in the 

initial inflammatory response triggered by influenza. First, we investigated the role of initial 

inflammatory response in the draining lymph node (LN) after influenza virus vaccination. Initially, 

we discovered that upon vaccination, LN macrophages (LNM) underwent inflammasome‐

independent necrosis‐like death and released interleukin (IL)‐1α and interferon (IFN)‐β. We 

described the infiltration of neutrophils mainly via high endothelial venules located in the 

paracortical and interfollicular regions of LN dependent on the secretion of IL-1α. We employed 

a cutting-edge imaging analysis methodology to characterize the in vivo dynamics of neutrophil 

recruitment. Our results demonstrated that neutrophils displayed a patrolling behavior followed by 

the formation of swarms in the subcapsular sinus where neutrophils interact with macrophages and 

phagocytes influenza particles. Next, we demonstrated that IFN‐β was also necessary for activating 

early recruited NK cells in the LN, which produced high levels of IFN‐γ after vaccination. This 

peak of IFN‐γ was shown to be necessary for IL‐6 production by LN dendritic cells (LNDC). 

Altogether, the initial inflammatory cascade originated by macrophage death was required to 

generate an optimal humoral response against influenza virus after vaccination. 

Although vaccination is the primary strategy for the prevention and control of influenza 

infection, the discrepancies in vaccine efficacy raised a question about the role of pre-existing 

immunity on subsequent influenza vaccination. We demonstrated that pre-existing circulating 

antibodies that recognize the vaccine antigen and neutralize it by forming large aggregates, also 

called immune complexes, are responsible for antibody-mediated immune suppression. In this 

work, we demonstrated that immune complexes against influenza regulated the inflammatory 

responses by inducing a more anti-inflammatory phenotype in macrophages and decreasing the 

capturing and activation of LNDC. 

Finally, we described the connection between inflammation and innate immune response, 

identifying novel cell mediators involved in viral recognition and pathogen eradication, such as 

inflammatory dendritic cells and γδ T cells. In addition, we identified a novel mechanism for viral 

recognition associated with the expression of SIGN-R1 on inflammatory dendritic cells. In sum, 

our results provide insight into the orchestration of the early cellular and molecular events involved 

in immune protection against influenza. 

All the results obtained allowed us to propose new factors that guarantee the correct balance 

between the beneficial and the detrimental hyper-inflammatory condition to develop future 

therapeutic strategies to fight against influenza. 
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3. ABBREVIATIONS 

2P‐IVM  2‐photon intravital microscopy 

ADCC  Antibody‐dependent cellular cytotoxicity 

AM   Alveolar macrophages 

APC   Antigen‐presenting cell 

ACM   Antigen clearance model 

ADE   Antibody-dependent enhancement 

BCR  B cell receptor 

cDC   Conventional DC 

CLR   C‐type lectin receptor 

CR   Complement receptor 

cRNA   Copy RNA 

CSR   Class switch recombination 

CTL   Cytotoxic T lymphocytes 

CXCR   C‐X‐C motif receptor 

DAMP  Damage‐associated molecular pattern 

DC  Dendritic cell 

DNGR‐1  DC NK‐lectin group receptor‐1 

dsRNA  Double‐stranded RNA 

DZ   Dark zone 

EMM   Epitope masking model 

FIM   Fc receptor-mediated inhibition model 

FDC   Follicular dendritic cell 

FRC   Fibroblastic reticular cells 

HA  Haemagglutinin 

HEV  High endothelial venules 

GC   Germinal center 

IC  Immune complex 
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IDC   Inflammatory dendritic cell 

IEI   Inborn errors of immunity 

IFA   interfollicular area 

IFN   Interferon 

IFNAR IFN‐α/β receptor 

IFNGR  IFN‐γ receptor 

IL  Interleukin 

IL‐17RA  IL‐17 receptor A 

IL‐1R1  IL‐1 receptor type I 

IL‐1Ra  IL‐1R agonist 

IL‐6R   IL‐6 receptor 

IMM   Inflammatory monocyte-derived macrophages 

iNOS   Inducible nitric oxide synthase 

IRF  IFN‐regulatory factor 

ITAM  Immunoreceptor tyrosine‐based activation motif 

iTh17  Innate Th17 

ITIM   Immunoreceptor tyrosine‐based inhibition motif 

LAIV  Live attenuated influenza virus vaccine 

LC   Langerhans cell 

LN  Lymph node 

LNDC   Lymph node dendritic cell 

LNM  Lymph node macrophage 

LPS   Lipopolysaccharide 

LYVE1  Hyaluronan receptor 1 

LTB4   Leukotriene B4 

MARCO  Macrophage receptor with collagenous structure 

MDA5  Melanoma differentiation‐associated gene 5 

MGL   Macrophage galactose‐type lectin 
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MHC   Major histocompatibility complex 

MM   Medullary macrophage 

MR   Macrophage mannose receptor 

MUC1  Surface mucin 

mRNA  Messenger RNA 

MyD88  Myeloid differentiation primary response protein 88 

NA   Neuraminidase 

NEP  Nuclear export protein 

NF‐κβ   Nuclear factor κβ 

NK   Natural killer 

NLR   NOD‐like receptor 

NLRC2  NLR family CARD‐containing protein 2 

NLRP3 NLR family PYD‐containing protein 3/Cryopyrin 

NLRX1  NLR family member X1 

NP  Nucleoprotein 

NS1   Non‐structural protein 1 

PAMP   Pathogen‐associated molecular pattern 

PC   Plasma cell 

pDC   Plasmacytoid dendritic cell 

PLD   Plitidepsin 

PRR  Pattern‐recognition receptor 

RIG‐I   Retinoic acid‐inducible gene I 

RLR   RIG‐I‐like receptor 

RNP  Ribonucleoprotein 

SA   Sialic acid 

SHM   Somatic hypermutation 

SSM   Subcapsular sinus macrophage 

ssRNA  Single‐stranded RNA 
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STAT   Signal transducer and activator of transcription 

TBM   Tangible body macrophage 

TCR   T cell receptor 

Tfh   T follicular helper cell 

TGF‐β   Transforming growth factor‐β 

Th   T helper 

TIV   Trivalent inactivated vaccine 

TLR  Toll‐like receptor 

TNF‐α  Tumor necrosis factor‐α 

TRIF   TIR domain‐containing adaptor inducing IFN‐β 

URT  Upper respiratory tract 

vRNA   Viral RNA 

vRNP   Viral ribonucleoprotein 
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4. INTRODUCTION 

4.1. Influenza virus 

Respiratory viruses are the most frequent causative agents of human disease, causing mild 

symptoms to severe respiratory failure. The most common are adenovirus, orthopneumovirus, 

coronavirus, and rhinovirus. Influenza viruses are members of the family Orthomyxoviridae of 

enveloped viruses, and they can be distinguished by their segmented, negative-strand RNA 

genomes 1. Influenza viruses can be divided into three types (A, B, and C) regarding antigenic 

differences in their internal proteins 2. All these viruses have been shown to inherently infect 

humans, making them one of the most important causes of respiratory infection worldwide, 

causing causes approximately 500.000 deaths annually, mainly amongst immunocompromised 

and elderly 3. 

The emergence of antigenically novel viruses and the absence of pre-existing immunity in 

the general population are associated with the elusion of the host immune system, increased 

infection severity, and mortality. A common strategy employed by this group of viruses to escape 

the host immune response is their high mutation rate, called antigenic drift 4. In addition, influenza 

A virus can generate new strains by gene re-assortment with other viruses of zoonotic origins. This 

process, called antigenic shift, can potentially lead to severe pandemics 1,5.  

Influenza A virus is the best studied among the seasonal respiratory viruses. The virus has 

a diameter between 80 to 120 nm, and consisting of a host-derived lipid bilayer, an inner shell of 

matrix protein in which the glycoproteins are embedded, and, at the center, the nucleocapsids of 

the viral genome (Figure 1a). This viral particle contains a segmented genome of eight single-

stranded negative-sense RNA (ssRNA) molecules enclosed by nucleoprotein (NP). The ssRNA 

encodes for 10-12 viral proteins. Amongst these, there are three non-structural proteins, such as 

the host antiviral response antagonist non-structural protein 1 (NS1), the recently identified N40 

protein with unknown function, and the pro-apoptotic protein PB1-F2 (expressed in some viruses) 

6. Inside the virion, the viral RNA (vRNA) genome segments are bound by a heterotrimeric RNA-

dependent RNA polymerase (PB1, PB2, and PA), forming a viral ribonucleoprotein (vRNP) 

complex, and they associate with oligomeric nucleoprotein (NP). 
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Furthermore, the nuclear export protein (NEP; also known as NS2) is also present in virions 

in low quantities 7 and is involved in the process of exporting vRNA into the nucleus of infected 

cells 8. Bellow the viral lipid envelope, there is an internal shell composed of the matrix protein 

M1 9.  M2 is a homotetramer that functions as an ion channel for acidifying the inner part of the 

viral particle during infection 10. Finally, embedded in the lipid envelope, there are also structural 

proteins, including haemagglutinin (HA) and neuraminidase (NA), and sialic acid (SA) 11. HA and 

NA are spike glycoproteins that protrude from the lipid envelope, defining viral subtypes and 

triggering antibody responses against influenza infection 4. More specifically, HA is a homotrimer, 

which mediates receptor binding and membrane fusion, and NA is a homotetramer, which 

hydrolyses sialic acid groups from glycoproteins to permit the release of the viral progeny 12. 

Influenza A viruses can be further divided into different subtypes according to the antigenically 

and structurally distinct HA (16 subtypes) and NA (9 subtypes) 13. HA, which determines the host 

tropism of influenza viruses, binds to sialic acid (SA) moieties in host cell receptors 14. There is 

only three HA (H1, H2, and H3) in combination with two NA (N1 and N2) influenza A subtypes 

that have been shown to cause human pandemics due to their ability to transmit directly from 

person to person 11. Interestingly, all these influenza A subtypes can be isolated from aquatic birds, 

which indicates that these animals are the natural reservoir for these viruses 15. 
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Figure 1: Influenza virus. a) Structure of influenza A virus. b) Influenza virus life cycle. Binding of haemagglutinin (HA), expressed 

on the surface of the influenza virion, with sialic acid residues linked to cell surface glycans induces binding and fusion of the 

virion with the plasma membrane of the target cell.. The virus then enters the cell via endocytosis or micropinocytosis and is 

trafficked to the lysosome where acidification activates the proton selective matrix protein-2 viral channel (M2), inducing 

membrane fusion and dissociation of the viral ribonucleoprotein (RNP) core, which is then transported to the nucleus where viral 

RNA replication occurs. Progeny viral RNP cores are generated in the cytosol and, with the viral surface proteins, HA and 

neuraminidase (NA), and other viral proteins, are concentrated in and near lipid rafts at the plasma membrane. Budding of these 

plasma membrane regions forms complete viral progeny, which is linked to the plasma membrane by HA/sialic acid interactions. 

Cleavage of sialic acid residues by NA  releases the viral progeny so they are then free to infect other cells 16.  
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4.2.  Responses to influenza virus infection 

Surface proteins such as HA and NA are expressed on the virion, and infected cells are 

more accessible and are the source of antibody-based population immunity. It is assumed that most 

of the antibodies induced by infection target HA, with a lower-level response to NA and internal 

proteins also induced. To better understand this mechanism, it is necessary to understand the cycle 

of viral infection (Figure 1b). This thesis will discuss the mechanisms of viral entry and the 

mechanisms utilized by the innate immune system to limit influenza virus replication.  

4.2.1. The influenza virus cell entry and diffusion through the mucosal barrier  

The spreading of the virus across the airways is initiated in the upper respiratory tract 

(URT) or areas close to large conducting airways, such as the trachea. In the majority of seasonal 

influenza infections, the virus replication is restricted to the upper respiratory epithelium, whereas 

in the case of pandemic infections, the virus moves toward the lower respiratory tract, colonizing 

bronchi and damaging the pulmonary epithelium (Iwasaki and Pillai 2014a; Teijaro et al. 2011). 

Therefore, influenza infection in humans can result in a wide range of disease symptoms, from 

asymptomatic infection to a severe form of febrile respiratory disease, according to the ability of 

the host to limit the spreading of the virus into the lungs.  

Initially, influenza virus enters the host via droplets that are retained by the mucus that 

covers the respiratory epithelium. The highly glycosylated cell-tethered mucins network in the 

URT has been described as a protective barrier to influenza virus infection 17. Recently, the 

dynamic role of the mucosal barrier in host protection against infection and regulation of innate 

immune responses has been described. Mucin upregulation, inhibition of airway inflammation, 

expression of sialylated "decoy" receptor and tethering of influenza viral particles are responsible 

for virus clearance in human airway tissues 18,19. Like other respiratory bacterial infections 20–22, 

mucin-mediated protection modulates infection by influenza A virus 23. It is reported that the 

absence of cell surface mucin (MUC1) in MUC1 deficient mice 24 exhibits increased viral titer and 

exacerbated inflammatory responses following challenge with mouse-adapted A/Puerto Rico/8/34 

influenza strain 19. 

Influenza viruses can successfully get through the mucous layer and infect the respiratory 

epithelium 25. However, crossing the mucosal barrier and infection of the epithelial cells require 
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the optimal balance between HA-NA expression and preventing the binding to decoy receptors for 

more functional receptors on the surface of epithelial cells 26–28. To better understand this, it is 

necessary to familiarize with the life cycle of the virus which is summarized in Figure 1b. The 

enveloped influenza virus carries trimeric HA that binds to sialic acid (SA) receptors expressed 

on the heavily sialylated mucus layer. Then the NA releases the trapped virion by cleaving off the 

terminal SA residues and allowing the endocytosis of the viral particle. Then the M2 ion channel 

promotes the acidification of the endosome and the fusion between the viral envelope and the 

endosomal membrane, facilitating the viral genome's release. In the nucleus, viral RNA (vRNA), 

copy RNA (cRNA) and messenger RNA (mRNA) are generated, leading to the translation of viral 

proteins.  Once all the structural and accessory proteins have been produced, they are packaged 

into a budding virus at the cell membrane, with HA and NA on the surface. Finally, by cleaving 

the HA-SA interaction, NA allows the release of nascent virus particles from the infected cells 

(Figure 1b). 

4.2.2. Influenza virus-sensing receptors on host innate immune cells 

The immune system senses the influenza infection through pattern recognition receptors 

(PRRs). These receptors recognize molecules commonly expressed by several microorganisms, 

called pathogen-associated molecular patterns (PAMPs), as well as cell-generated danger-

associated molecular patterns (DAMPs). Multiple studies have focused on the characterization and 

classification of the PRRs involved in viral recognition during different stages of the viral life 

cycle. These influenza‐sensing receptors are expressed on the plasma membrane, endosomal 

membranes or in the cytosol of various cell types (Figure 2). Innate immune response signaling 

cascade in epithelial cells starts with viral recognition by one of these families of PRRs. The 

membrane-bound PRRs include toll-like receptors (TLRs) and C-type lectin receptors (CLRs) In 

contrast, the cytoplasmic PRRs include retinoic acid-inducible gene I (RIG-I)-like receptors 

(RLRs) and nucleotide-binding domain and leucine-rich-repeat-containing proteins (NLRs) 

(Iwasaki and Medzhitov 2010; Kawai and Akira 2011). This diversity in the location ensures that 

influenza virus can be detected both outside the cellular compartment and intracellularly while 

infecting cells. 
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Figure 2: Cellular location and ligands of PRR involved in the response to influenza infection. a) Toll-like receptor signaling. 

b) C-type lecting signaling. c) Retinoic acid-inducible gene I signaling. d) NOD-like receptor signaling. TLR7 and TLR8 are located 

in endosomal membranes and sense viral ssRNA. TLR3 is also positioned in endosomal membranes and binds dsRNA. TLR4 is 

found in the plasma membrane and detects a DAMP released during influenza infection. The CLR that are involved in the immune 

response to influenza virus are located in the cytoplasmic membrane and bind glycans present in viral proteins (DC‐SIGN, SIGN‐

R1, langerin, MGL, MR) or dead cells (DNGR‐1). RIG‐I is the only RLR able to sense influenza virus, is present in the cytosol and 

binds 5’‐ triphosphate‐RNA (5’ppp‐RNA) sequence motifs generated during viral replication. Amongst the different NLR, NRLP3 

is located in the cytosol and detects an unknown PAMP produced during influenza infection. NLRC2 is also found in the cytosol 

and binds viral genomic ssRNA. NLRX1, instead, possess a N‐terminal effector domain containing a mitochondrion localisation 

signal and recognise the viral protein PB1‐F2. Figure generated using 29 
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4.2.2.1. Toll like-receptors (TLRs) 

The TLR family is the best-characterized class of PRR in mammalian species. This family 

consists of 10 members (TLR 1-10), among which TLR3, 7, and 8 recognize viral RNA 30. These 

receptors are type I integral membrane glycoproteins that contain leucine‐rich repeats joined to a 

cysteine‐rich flanking motif in their extracellular part, which binds specific ligands, and a Toll/IL‐

1 receptor (TIR) domain in their cytoplasmic tails, which is required for intracellular signaling. 

Nucleic acid sensors that survey distinct subcellular compartments detect viral genome as 

a single or double-stranded form during viral replication (Figure 2a). TLR7 and TLR8 specifically 

recognized the single‐stranded RNA (ssRNA) of influenza virus 31,32. These TLRs are specialized 

in detecting nucleic acids and are located in late endosomes‐lysosomes compartments 33,34. TLR3 

recognizes double‐strand RNA (dsRNA) in endosomes and is also activated during an influenza 

infection 35. However, the virus cannot generate dsRNA during the replication due to the cellular 

RNA helicase UAP56. Therefore, TLR3 might recognize dsRNA molecules in dying-infected cells 

that have been phagocytosed 36. Multiple studies have demonstrated the role of TLR3 in response 

to influenza A virus infection by inducing the release of pro-inflammatory cytokines IL-8 and IL-

6 in bronchial epithelial cells. Interestingly, TLR4, a receptor specialized in detecting bacterial 

lipopolysaccharide (LPS), is also activated during influenza virus infection 37. Although the ligand 

for TLR4 in influenza virus is not known, a damage‐associated molecular pattern (DAMP) 

released in the lungs during influenza virus infection can activate the TLR4‐signaling pathway 38. 

Upon activation, TLRs in the endosomal compartment converge on a common signaling 

cascade that mediates the transcriptional induction of inflammatory genes 39. PAMPs recognition 

by TLR7 and 8 signal through the intracellular adaptor protein, myeloid differentiation primary 

response protein 88 (MyD88), and activate nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-κB) or interferon (IFN)‐regulatory factor (IRF) 7. Conversely, the MyD88-

independent signal of TLR3 requires TIR domain‐containing adaptor inducing IFN‐β (TRIF). 

While both TLRs and RIG-like receptors (RLRs) signaling trigger the initial viral recognition and 

generate the antiviral type I IFN response, TLRs have a secondary role that stimulates cell-

mediated immunity and tunes the adaptive immune responses. Ultimately, the activation of nuclear 

transcription factors stimulates the production of a variety of cytokines and chemokines 

responsible for initiating the antiviral state that eliminates viral pathogens. 
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Different studies have used specific deficient cellular or animal models to determine the 

involvement of downstream signaling to PAMPs and DAMPs recognition. Although RNA virus 

engagement of TLR7 modulates type I IFN to escape immune recognition 40, TLR7 and TLR8 

blockade in human monocytes and dendritic cells do not completely abolish the production of 

cytokines upon viral infection because of the involvement of innate RLRs and other TLRs. To 

further strengthen this redundancy, neither TLR3 nor TLR7 alone appear to be able to stimulate 

IFN-mediated antiviral defense during infection. Nevertheless, TLR7 and MyD88 are necessary 

for viral control as tlr7 -/- and myd88 -/- mice are more susceptible to viral infection 41,42. 

Furthermore, activation of TLR7 signaling enhances immunogenicity against influenza virus 

infection by causing stimulation of type I IFN response and pro-inflammatory cytokines release, 

such as IL-6 and IL-1β 43–45. Conversely, tlr3 -/- mice demonstrated that TLR3 stimulation is not 

essential for the induction of adaptive immunity and knocking out this receptor prolongs the 

survival rate of infected mice. However, TLR3-dependent innate response inhibits viral spread by 

enhancing the initial inflammatory reaction. Therefore, the absence of this receptor decreases 

inflammatory cell infiltration and promotes viral infection 46.  

The discoveries correlating genetic deficiency with human antiviral immunity have 

highlighted four monogenic deficiencies in severe influenza pneumonitis 47–49. Among the single-

gene inborn errors of immunity (IEIs) responsible for life-threatening pulmonary influenza, TLR3 

deficiency impairs type I and III IFN immunity and it is responsible for sporadic severe influenza 

pneumonitis 50,51. 

In summary, endosomal TLRs have distinct roles in influenza virus infection. TLR3 

recognizes infected cells and induces an antiviral state but with the detrimental effect of recruiting 

damage-inducing inflammatory cells, whereas TLR7 induces IFN responses to block viral 

replication and promote antibody responses. At the same time, TLR8 activation enhances the 

production of cytokines, but its relevance during influenza infection is still unknown. 

4.2.2.2. C-type lectin receptors (CLRs) 

C-type lectins receptors (CLRs) comprise a large superfamily of transmembrane proteins 

with at least one carbohydrate recognition domain (CRD) or a structurally similar C‐type lectin‐

like domain. They are essential PRRs that recognize glycolipids and glycoproteins on the surface 

of pathogens and host cells 52 (Figure 2b). The CLRs family is composed of heterogeneous 
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receptors with differences in their cytoplasmic signaling motifs that broadly result in the activation 

or inhibition of cellular functions. This heterogeneous family can be classified according to their 

cytoplasmic signaling motifs; (I) immunoreceptor tyrosine‐based activation motif (ITAM)‐bearing 

CLRs, (II) hemi‐ITAM (hemITM)‐bearing CLRs, (II) immunoreceptor tyrosine‐based inhibition 

motif (ITIM)‐bearing CLRs, and (IV) a group of CLRs lacking typical signaling motifs. The 

enormous diversity of CLRs receptors and their distribution among several tissues are crucial for 

the development of specific downstream responses upon ligand binding of CLRs 53–55. The best 

characterized CLRs are those that induce activation pathways through the ITAM motifs. Signaling 

via these receptors enhances the transcriptional activity of NF-κB inducing the production of pro‐

inflammatory cytokines, phagocytosis, intracellular routing of antigen, cell‐cell adhesion, the 

release of oxidative species, amongst others 55,56.  

Besides the well-known sialic acid-binding, significant progress has been made in 

identifying a transmembrane protein that facilitates influenza virus-host cell attachment and viral 

entry in the absence of sialic acid 57. Currently, in the context of influenza infection, the most 

extensively studied CLRs are macrophage-mannose receptor (MMR), macrophage galactose-type 

lectin (MGL), langerin (CD207) and human DC-SIGN/CD209 and L-SIGN/CD209L 58,59.   

DC-SIGN expressing cells, such as B cells and DCs, interact with HA and NA glycans on 

several influenza A virus subtypes, suggesting a positive correlation between HA-glycosylation 

and infectivity. Recently, it has been demonstrated that SIGN-R1, the murine analog of DC-SIGN, 

is expressed on tracheal inflammatory DCs (IDCs) and can recognize influenza virus in a 

glycosylation-dependent manner 60. Moreover, this receptor recognizes a wide range of 

glycosylated influenza strains suggesting a broad and potent antiviral target for future therapeutic 

approaches 60. Additionally, capturing and displaying influenza virus particles by SIGN-R1+ DCs) 

improves antigen delivery to follicular B cells in the LN and enhances humoral response during 

influenza vaccination 61. SIGN-R1/DC-SIGN involvement in the modulation of the innate immune 

response and shaping adaptive immunity has also been demonstrated in other models of pathogen 

infection, such as HIV 62, Yersinia pseudotuberculosis 63, Streptococcus pneumoniae 64, Listeria 

monocytogenes 65 and Toxoplasma gondii infection 66. 

Another class of CLR that participate in the protection against influenza infection is known 

as DNGR‐1 (DC NK‐lectin group receptor‐1, also known as Clec9A). This receptor contains a 
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cytoplasmic tail with a ITAM motif that allows binding to and signaling via spleen tyrosine kinase, 

which can impact cellular activation, migration, phagocytosis or microbial activity 67. DNGR-1 

acts as an innate immune receptor for dead cells 68. Indeed the acquisition and cross-presentation 

of dead cell-associated antigens by DNGR-1 contribute to the generation of influenza-specific 

tissue-resident memory T cells 69.  

The crosstalk between innate signaling by CLRs and other PRRs orchestrates the activation 

and function of myeloid cells,  the modulation of other PRRs, and the development of adaptive 

immune responses against influenza virus 70. 

4.2.2.3. Retinoic acid-inducible gene I (RIG-I) 

In eukaryotic cells, non-self-immune surveillance is maintained within distinct cellular 

compartments that orchestrate the immune system to viral respiratory pathogens. The RLRs family 

includes retinoic acid-inducible gene I (RIG-I), melanoma differentiation-associated protein 5 

(MDA5) and ATP‐dependent helicase LGP2 (LGP2), which are expressed in epithelial cells, 

macrophages and conventional DCs. The specific ligand for RLR is the dsRNA, which constitutes 

the genome of some viruses, and can also be generated as the replication intermediate of ssRNA 

viruses (Figure 2c). Among the different RLR types, RIG‐I is the only receptor able to detect 

influenza viral RNA 71. Since the discovery of RIG-I, its location has been thought to be in the 

cytosol. However, recent studies showed that it might also be localized to the cell nucleus 72,73. 

Although MDA5 has not involved in influenza viral recognition, both receptors may share similar 

signaling features essential for type I IFN-inducing antiviral responses to RNA viruses 74–76. 

Previous functional studies have shown that RIG-I activates specific signaling pathways leading 

to the activation of NF-κB, IRF3 and IRF7 responses in infected cells 77,78. RIG-I enhances IRF 

expression in a paracrine and autocrine way by the constant release of IFN during the first phase 

of viral infection. This increases the cellular protein level of IRF in human lung epithelial cells 

turning neighboring cells to an immunoreactive state that prepares for the second wave of IFN 

production. During IAV infection, the knocking out of IRF7 alone or both IRF7 and IRF3 

completely abolish the IFNα/β response 48,79. Despite the controversial role of RIG-I depletion in 

mice 80, the downstream blockade of interferon release impairs the polyfunctional T cell response 

leading to delayed clearance of IAV infection 81,82. However, recent studies also identified 

recurrent variants in DDX58 gene encoding for RIG‐I 83, IRF7 84 and IRF3 85 in an exome 
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sequencing analysis on patients with severe pneumonia during the 2009 H1N1 flu pandemic. 

Indeed, RIG-I deletion induces a notable increase in the production of inflammatory cytokines, 

such as IL-6, IL-8, TNF-α and IL-1 signaling of chemokine secretion, while preventing the 

expression of several genes involved in antigen presentation and antiviral response 86,87. For this 

reason, the therapeutic application of RIG-I agonist has promising advantages against influenza 

pandemics, activating the immune system and increasing the protection against the virus, 

independently of the influenza strain and potentially escaping the viral inhibitory mechanisms 88,89. 

4.2.2.4. NOD‐like receptors (NLRs) 

Nucleotide oligomerization domain (NOD)-like receptors (NLRs) are a specialized group 

of intracellular proteins that play a critical role in regulating the host innate immune response. The 

NLR family comprises more than 20 receptors expressed in many cell types, including immune 

cells and epithelial cells, and respond to various PAMP to trigger inflammatory responses. The 

NLRs are multi-domain proteins composed of: (I) a central NACHT (NOD or NBD – nucleotide-

binding domain that is closely related to the oligomerization of the receptor; (II) a C‐terminal 

leucine‐rich domain, which senses the presence of ligand and (III) an N-terminal effector domain, 

which induces the formation of signaling complexes formation 90,91 (Figure 2d). The NLR family 

of proteins regulates the NF-κB and MAPK pathways to modulate the release of cytokines and 

chemokines and activate inflammasomes whose downstream function is to cleave precursors of 

IL-1β (pro‐IL‐1β) and IL-18 (pro‐IL‐ 18) to their active secreted form 92,93. Some viruses may 

directly activate NLRs, whereas others may indirectly activate this pathway through tissue injury 

and membrane perturbations. However, it remains unclear how viruses can activate the 

inflammasome.  

Three NLRs receptors, NLRP3 (NLR family PYD containing protein 3/Cryopyrin), 

NLRC2 (NLR family CARD‐containing protein 2), and NLRX1 (NLR family member X1) have 

been involved in the response to influenza 93.  

Two steps achieve the NLRP3 inflammasome assembly and activation. Upon activation 

leads to caspase 1 signaling, which, in turn, supports the production of mature IL‐18 and IL‐1β. 

This is also enhanced by the activation of NF-κB, induced either by cytokines, such as TNFα and 

IL-1β, or by recognition of various DAMPs and PAMPs by PRRs such as TLRs, RIG-1, NOD2, 

and ZBP1 94–96. Various studies have demonstrated the importance of the activation of the NLRP3 
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inflammasome during influenza infection, as mice deficient in NLRP3 displayed a marked increase 

in mortality and dampened immune response to influenza virus infection 97,98. Recently, influenza 

virus M2 and PB1‐F2 proteins have also been proposed to activate the NLRP3 inflammasome and 

induce the release of IL‐1β  99,100. 

Much of our knowledge regarding the function of NLRC2 is centered on its ability to sense 

the ssRNA species derived from several viruses, including influenza virus 101,102 while NLRX1, 

which is located in mitochondria, binds to the viral protein PB1‐F2 103. Mice deficient for NLRC2 

exhibit reduced type I IFN production and DC activation, which result in enhanced susceptibility 

to influenza infection 102. In addition, Allen et al., described that NLRX1 is critical for controlling 

lung inflammation to influenza virus infection 104. Altogether, these data indicate that NLR-

mediated responses are triggered by influenza viral infection, but they perform distinct functions 

to balance the innate immune responses. 

4.3. The inflammatory response triggered by influenza virus infection 1 

Inflammation is a vital part of the complex biological response to influenza infection, 

which promotes the accumulation of leukocytes, plasma proteins and fluid from the blood into the 

sites of infection or injury, helping restore tissue homeostasis. To establish an infection and 

propagate successfully, influenza virus must evade the innate immune system, whose primary role 

is preventing or restricting viral replication. 

Influenza virus initially targets epithelial cells in the upper respiratory tract (URT), 

including nasal passages, pharynx, larynx and trachea (Figure 3a) 105. Direct infection of airway 

epithelial and endothelial cells triggers a variety of anti-microbial molecules, including mucins, 

anti-microbial peptides and neutralizing immunoglobulins, which limit viral infection 106,107. 

Despite the dynamic role of the mucous layer, influenza viruses can overcome the mucosal barrier 

and activate downstream signaling resulting in an increased inflammatory response and host 

protection 17,23,25. Moreover, tissue-resident and early recruited innate immune cells act together 

                                                           
1 The following sections of Chapter 1 Paragraph 1.3 refer to Latino, I. & Gonzalez, S. Spatio-temporal profile of innate 

inflammatory cells and mediators during influenza virus infection. Curr. Opin. Physiol. (2020) 

doi:10.1016/j.cophys.2020.10.008 

The aforementioned publication was entirely conceived and written by me as first author under the supervision of the thesis director. 

Some parts and figures of this document have been adapted for the thesis. 
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with structural cells in pathogen recognition and antiviral inflammatory response in the tracheal 

epithelium 44,108–110. 

Therefore, innate immune and structural cells, such as epithelial and endothelial cells, are 

the main initiators of the inflammatory response after pathogen recognition. In addition, the innate 

immune system plays an essential role in activating the adaptive immune response, which is crucial 

in resolving the infection and generating memory cells that can help the host to respond better 

against future infections.  

The following subchapter provides insights into the most common mediators responsible 

for the early recruitment of innate immune cells following influenza infection, focusing on their 

role in the initial phase of inflammation. 

 

Figure 3: Structure and cell type of the respiratory system. a) Human respiratory tract and airway epithelium. The upper 

respiratory tract and the large bronchi are organized in ciliated epithelial cells (EC), goblet cells and secretory cells. The small 

bronchi and bronchioli are covered by cuboidal EC, while alveolar EC are present in the alveoli. Resident macrophages and 

dendritic cells (DC), both expressing CD11c, are located in the mucosa, while alveolar macrophages are located in the alveoli. b) 

Mouse respiratory tract and airway epithelium. Epithelium is thinner in mice than humans and is composed mostly by non-ciliated 

secretory cells (Clara cells). 111–113 

4.3.1. The timing of the immune response against influenza infection  

According to the location and the immune cells involved, the innate inflammatory response 

against influenza can be divided into two temporal waves (Figure 4). The primary inflammatory 

wave occurs in the upper respiratory tract and the trachea within the first three days following 
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infection, and it is characterized by the induction of interferon (IFN) secreted by infected epithelial 

and resident phagocytic cells 73,114,115. This initial response is followed by a second inflammatory 

wave located in the upper and the lower respiratory tracts from day three to seven, which is 

characterized by the recruitment of inflammatory dendritic cells (IDC), neutrophils, macrophages, 

γδ T cells and natural killer (NK) cells. Overall, infiltrating immune cells upregulate the expression 

of numerous IFN-stimulated genes initiating the downstream cytokines production that sustains 

the inflammatory milieu and promote immune cell infiltration. Finally, the adaptive immune 

response is fully mounted between day seven and ten-post infection (p.i.). This response is 

characterized by the infiltration of lymphocytes and the production of antibodies by B cells 

(Figure 4). 

 

Figure 4: Overview of the activation of distinct immune responses against influenza. Distinct temporal waves are generated 

upon exposure to influenza infection. The curve of the viral load coincides with the innate immune response. The innate response 

is divided into a primary inflammatory wave that occurs at 1–3 days post infection (d.p.i.) and is generated by resident cells and 

the respiratory mucosa. The first wave is followed by a second inflammatory wave at 3–7 d.p.i. generated by the infiltration of 

innate cells. The magnitude of the wave is determined by immune cell infiltration and release of inflammatory mediators. The 

adaptive immune response coincides with the viral clearance around day 7 p.i. 116. 

4.3.2. Primary inflammatory wave 

The respiratory epithelium is the principal interface between the environment and the host. 

Defense barriers, sensing, anti-microbial and immune regulatory mechanisms have evolved to help 
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maintain homeostasis and defend the lung against foreign substances and pathogens. During 

influenza virus infection, these specialized structural cells and populations of resident immune 

cells come together to mount the first response to the virus, which would play a significant role in 

the immediate and long-term outcome of the infection (Figure 5) 109,110. 

The respiratory epithelium in the upper respiratory tract is classified as pseudostratified 

and columnar and, presents significant species-specific differences. In humans, the predominant 

cell types are ciliated cells, basal cells and goblet cells (Figure 3a), whereas the murine epithelium 

is lined mainly by non-ciliated secretory cells (Figure 3b). These cells contribute to host defense 

by producing anti-microbial proteins and mucus in response to inflammation 117. 

 

Figure 5: Primary inflammatory wave after influenza infection. Overview of the primary inflammatory wave showing the 

response of structural cells and tissue resident cells to influenza infection. The first line of defense involves the release of type III 
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IFN by epithelial cells and pro-inflammatory cytokines that induces antiviral response and promotes recruitment of leukocytes. 

Infected cells release type I IFN and the alarmin molecule IL-1α. Amongst the effector cells recruited, NK cells and T cells are 

responsible of the elimination of infected cells. EC: epithelial cells; DC: dendritic cells; ILC: innate lymphoid cells; GrnzB: 

granzyme B 116. 

4.3.2.1. Epithelial cell 

The respiratory epithelium is the first and primary target for respiratory viruses. Different 

parts of the epithelial layer possess various methods of defense against pathogens and foreign 

substances. Initially, the airway epithelium serves as a physical and chemical barrier to infection, 

providing mucus and surfactants, anti-microbial proteins, inflammatory cytokines, epithelial-

associated immune cells like resident dendritic cells, invariant natural killer T (iNKT) cells, γδ T 

cells and trans-epithelial lymphocytes 118. These barriers prevent debris deposition, pathogen 

colonization or infection and generally maintain a comparatively immunologically quiescent tone 

at homeostasis 119,120.  

The infection of epithelial cells from the airways triggers the expression of a variety of 

anti-microbial molecules, including the secretion of highly glycosylated membrane-tethered 

mucins and anti-microbial peptides intended to contain viral infection 17,106,107. However, 

differences in cell tropism and efficiency of infection typical of specific viral strains modulate the 

degree to which the host system mounts an effective defense 121. 

Human influenza viruses preferentially bind α2,6-linked sialic acid receptors (α2,6-SA), 

which are predominantly located in the airway epithelium of the upper respiratory tracts 122. 

Therefore, the dominance of α2,3-linked SA receptors in the lower respiratory tracts inhibits initial 

infection of these sites and prevents the virus spread. In addition to the distribution of different 

types of sialic acid receptors, epithelial cells have developed sentinel mechanisms to prevent 

pathogens from reaching the alveolar space. Failure to do so leads to the disruption of the surface 

tension in the alveoli, causing the severe collapse of the airspace. To fight against the first line of 

host defense, the highly pathogenic avian influenza virus H5N1, has been reported to evolve a 

mechanism to escape this control by changing the receptor-binding preference of HA from α2,3 to 

both α2,3 and α2,6 linked moieties 123. 

Recognition of influenza virus by the TLRs and RLRs, as mentioned previously, initiates 

the first wave of IFNs that is responsible for the antiviral state 73,114 (Figure 2). The IFN family 

includes three types of interferons (type I, II and III), which have critical functions associated with 
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the activation of innate immunity. Although epithelial cells are not responsible for their secretion, 

there is clear evidence that the generation and detection of IFN signals also occur in airway 

epithelial cells. In these cells,  the earliest cytokine produced upon infection is the type III IFN 

also known as IFN-λ, which mediates non-redundant protection against the initial viral 

dissemination in the URT 124,125. The IFN-λ signals converge on the same JAK-STAT signaling 

pathway of type I IFN, leading to the transcription of pro-inflammatory cytokines 115,126,127. In 

contrast to type I IFN, which act systemically and is ubiquitously expressed in immune cells, IFN-

λ acts locally, and its expression is restricted to airway epithelial cell. During influenza infection, 

IFN-λ promotes a local antiviral effect without activating systemic inflammation 124, and therefore 

has a critical role in host immunity 128–130.  

Mice lacking functional IFN-λ show higher viral titers in the URT compared to type I-

deficient mice 131. Therefore, some authors have suggested targeting IFN-λ as a therapeutic 

approach, which could promote antiviral immunity without resulting in systemic inflammation, 

which is potentially harmful to the host 124,132,133.  

Additionally to the antiviral resistance, airway epithelial cells can rapidly secrete a variety 

of inflammatory cytokines and chemokines like IL-1β, IL-6, CXCL10, TGF-β, TNF-α, IL-8 and 

CCL2 that recruit and activate immune cells into the respiratory tract 107,134,135. Inflammation is 

also enhanced by dying epithelial cells that undergo apoptosis or de-differentiation to contain the 

viral infection and restore tissue homeostasis 121. However, many of these inflammatory mediators 

are also produced by recruited immune cells, therefore is difficult to define the contribution of 

airway epithelium in shaping the immune response to influenza.  

4.3.2.2. Tissue-resident phagocytic cells 

Airway macrophages (F480+ CD11c+) and dendritic cells (DC; CD11c+ I/A-I/E+ F480-) are 

strategically located in the respiratory epithelium (Figure 5). These cells closely collaborate with 

structural cells by building a transepithelial interacting cellular network that recognizes influenza 

virus and initiates an intracellular signaling cascade that releases of pro-inflammatory mediators, 

including type I IFN 110,136,137. 

As outlined above, type I IFNs consist of a group of structurally similar cytokines with a 

well-known ability to induce an antiviral response within infected and surrounding cells. Almost 

all the cells of the body express IFNAR receptors; however, type I IFN is more prominent in 
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macrophages, plasmacytoid DCs (pDCs) and inflammatory monocytes. Notably, quiescent pDCs 

express an intrinsic higher level of the transcription factor IRF and, thus, make them ready to 

secrete type I IFNs independently by the IFNAR signaling 138. 

Once released, type I IFNs act as an early warning system binding to the cellular receptor 

complex composed of IFN-α/β receptor (IFNAR) on infected as well as uninfected cells 139,140. 

IFNAR is composed of two subunits—IFNAR1 and IFNAR2—which, after binding, are 

endocytosed and activate their associated tyrosine kinases, Tyk2 and Jak1 141. The signaling 

cascade results in tyrosine phosphorylation of STAT1 and STAT2, which form a complex with 

IFN‐regulatory factor (IRF) 9, known as the IFN-stimulated gene factor 3 (ISGF3) 141. This event 

induces the expression of IFN stimulated genes resulting in diverse effects: (I) resistance to viral 

replication and spread, (II) sequestration of lymphocytes in LN, (III) activation of NK cells and 

CD8+ cytotoxic T lymphocytes (CTLs), (IV) maturation and antigen presentation by DC, and (V) 

the amplification of the production of several pro‐inflammatory cytokines and chemokines 142,143. 

Consistently with the previously described role of type I IFN, mice lacking IFN-α/β receptor 

exhibit a delay in viral clearance and are more susceptible to viral infection 144,145. 

Several host restriction factors have been proposed to limit viral release 139,146. Among 

them, the induction of programmed cell death, including necrosis, apoptosis and other types of cell 

death in innate immune cells, initiates the response against influenza virus. Interestingly, viral 

internalization by LN macrophages is followed by their necrotic death and the release of alarmin 

molecules during influenza vaccination 147. This process plays a key role in recruiting and 

activating neighboring DC and developing a proper humoral response against the virus 148. From 

a molecular perspective, it is known that the caspase-mediated cell death induced by the activation 

of the inflammasome pathway is an important component of the host immune response 149,150. This 

activation occurs via NLRP3 pathway, which is essential for the initial inflammatory response 

against the virus 151,152. Together, these pluripotent mechanisms stimulate the secretion of other 

cytokines and chemokines and increase adhesion molecule expression, thus enhancing immune 

cell recruitment to the lungs.  

In addition, other phagocytic cells are known to undergo different cell death pathways, 

such as apoptosis 153–155. Indeed, mice with impaired apoptotic pathways are more susceptible to 
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viral infection and disease 156–158. However, the influence of these mechanisms in response to 

influenza is not fully understood and needs further investigation. 

4.3.3. Secondary inflammatory wave 

The initial response is followed by a secondary inflammatory wave (Figure 6), 

characterized by the secretion of distinct chemotactic factors that synergistically induce the 

recruitment of innate immune cells. In turn, these cells upregulate the expression of numerous IFN-

stimulated genes and initiate the downstream production of cytokines, which support the 

recruitment of other innate immune cells (Figure 8). Amongst the different inflammatory cells 

recruited in the second wave, we can find: 

4.3.3.1. Monocytes and monocyte-derived cells 

The secretion of the chemokines CCL2, CCL3, CCL5 and TNF-α by alveolar macrophages 

(AMs) promotes the recruitment of circulatory monocytes (CCR2+ Ly6Chigh CD11b+), which play 

an important role in the control of viral replication (Figure 6). After recruitment, the inflammatory 

milieu induces monocyte differentiation into inflammatory monocyte-derived macrophages 

(IMMs) and DC (IDCs). IDCs are generally distinguished from other subsets of DC by the 

expression of CCR2 and Ly6C 60,159. Subsequently, the activation of these cells further promotes 

the production of CCL5, CXCL9 and CXCL10, which sustain the recruitment of protective 

immune cells 60. However, an excessive infiltration of inflammatory cells into the lungs may 

induce an uncontrolled release of inflammatory cytokines, which correlates with the severity of 

the disease 160,161. 

The CCL2/CCR2 axis must be finely tuned to maintain the balance between immune 

protection and cytokines-derived immunopathology. Proof of this equilibrium has been observed 

in infected CCR2-deficient mice, in which the impairment of monocyte/macrophage migration 

correlated with a higher survival rate and protection from influenza infection 162. Recently, a 

single-cell sequencing approach has been used to characterize the time-dependent component of 

the inflammatory events that follow viral infection in the lungs 163,164. Interestingly, a distinct 

population of macrophages expressing peroxisome proliferator-activated receptor gamma has been 

identified at later stages of influenza infection. These cells contribute to the secondary 

inflammatory wave by releasing high levels of CCL2, CCL7 and CCL8, mediating monocyte 
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recruitment and their differentiation into AMs. Notably, these macrophages also express a higher 

level of transforming growth factor-β, an anti-inflammatory molecule that suppresses immunity 

and supports tissue repair 165. Moreover, the sustained inflammatory condition dampens the anti-

inflammatory macrophage phenotype, which causes a massive infiltration of monocytes that may 

induce respiratory pathologies 164,166. Overall, these studies suggest a delicate role of the CCL2-

axis in maintaining the balance between the restoration of homeostasis and the immunopathology 

following influenza infection. 

Leukotriene B4 (LTB4) is another well-known inflammatory mediator that participates in 

the chemokine gradient driving early cell infiltration. Recently, Pernet and colleagues 167 have 

characterized a regulatory mechanism reliant on LTB4-dependent IFN-α production that promotes 

disease tolerance and survival from influenza infection by preventing the proliferation of IMMs 

and limiting acute inflammation. 
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Figure 6: Secondary inflammatory wave after influenza infection.  Graphical representation of the secondary inflammatory wave 

generated by the recruited inflammatory cells. Following the primary wave, structural cells and tissue resident innate cells secrete 

chemotactic molecules inducing cell recruitment. The recruited cells further promote inflammation and perform effector function 

responsible for viral eradication and antibody response. AEC: alveolar epithelial cells; AM: alveolar macrophages; IMM: 

inflammatory monocytes-derived macrophages; DC: dendritic cells; IDC: inflammatory dendritic cells; ILC2: innate lymphoid 

cells 2; GrnzB: granzyme B; Treg: regulatory T cells; Areg: amphiregulin116. 

4.3.3.2. Neutrophils 

These cells are among the first recruited into infected tissue and are important contributors 

to the secondary inflammatory wave (Figure 6). The recruitment of neutrophils to the infection 

site and the draining LN is a multifactorial process partially dependent on IL-1 secretion 168,169. 
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Upon infiltration, neutrophils upregulate effector genes encoding viral-specific pattern recognition 

receptors and release anti-microbial peptides and pro-inflammatory cytokines such as CCL2, 

CCL4 and CXL10 170,171. In addition, recent studies have identified a novel subset of mature 

infected neutrophils expressing PD-L1, which harbor high levels of viral RNA and transcripts of 

IL-1α, CCL3, CCL4 and IL-1β 164. Other molecules, such as LTB4, seem to further regulate 

neutrophil actions by improving host immune control during the later phase of influenza infection 

172. Moreover, complementary mechanisms such as the formation of extracellular DNA traps and 

antigen-presenting cell functions have been associated with the antiviral response and the 

regulation of the adaptive immunity performed by these cells 173,174. 

However, the role of neutrophils is also associated with pathological processes. Excessive 

neutrophil recruitment induces epithelial apoptosis and alveolar injury by increasing epithelial 

permeability 175. In addition, neutrophils display several pathogenic features related to the 

expression of high levels of the IL-1 family genes and delayed apoptosis 176,177. Therefore, a tight 

regulation between the protective and the damaging effects of these molecules is needed to ensure 

the proper defense against the virus. 

4.3.3.3. NK cells 

In the respiratory tract, NK cells are key regulators of the antiviral host defense. They 

traffic to the trachea and lungs after influenza infection and provide an early source of cytokines, 

such as type II IFN. The only member of the type II IFN is IFN‐γ, a pleiotropic cytokine known to 

induce both protective (i.e. antiviral antiproliferative) and pathogenic immune responses (Figure 

6) 60,178,179.  

Its IFN‐γ receptor (IFNGR), is constituted by two chains (IFNGR1 and IFNGR2) and 

signals through the activation of JAK1, JAK2 and STAT1. In general, IFN‐γ signaling alters the 

transcription of up to 30 genes producing a variety of effects, such as: (I) expression of MHC 

molecules by APC; (II) formation of lysosomes and iNOS in macrophages; (III) antibody secretion 

and isotype switching; (IV) macrophage cell cycle arrest; (V) expression of survival signals; (VI) 

production of intrinsic antiviral defense factors; (VII) induction of Th1 cell differentiation; (VIII) 

activation of DC leading to IL‐12 production; and (IX) promotion of leukocyte recruitment through 

the induction of local capillaries dilatation and the expression of chemokine and adhesion 

molecules 180. 
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The CXCR6-CXCL16 axis is important in driving NK cells localization within the tissue, 

as most of the NK cells in the lungs express this tissue-homing receptor 178,179. Some studies have 

suggested that NK cell deficiency correlates with severe immunopathology 181. However, other 

studies have suggested that CXCR6 is dispensable for viral control 182. These contradicting results 

could be explained by the fact that the antiviral role of the NK cells in mice seems to be dose- and 

strain-dependent 183–185. Moreover, other factors might have also influenced the results of previous 

studies. For example, it has been recently demonstrated that the circadian rhythm directly affects 

the inflammation following influenza infection and has an important role in regulating NK cell 

recruitment, activation and host protection 186. 

4.3.3.4. γδ T cells 

These cells are on the front line against various viruses and promote innate and adaptive 

immune responses 187,188. Their recruitment is mediated by CXCL9 and CXCL10, secreted by 

IDCs following influenza infection (Figure 6). These chemokines induce the expression of the 

receptor CXCR3 by γδ T cells, facilitating their recruitment to the trachea 60. 

One of the main features of γδ T cells is their capacity to secrete a variety of pro-

inflammatory cytokines, such as IL-17 and IFN-γ, which promote the recruitment of neutrophils 

and NK cells in the tracheal mucosa 189,190. Moreover, γδ T cells are essential to initiate protective 

lung immunity to infections. This function is especially clear in the mouse lung epithelium of 

influenza-infected neonates, where the release of IL-17 by γδ T cells promotes tissue repair and 

induces the expression of IL-33 and amphiregulin 191,192. 

An excessive response of γδ T cells has also been associated with a pathological phenotype. 

For instance, it is known that the excessive production of IL-17 by these cells inhibits regulatory 

T cells that are important to attenuate lung immune cell infiltration 193. Similarly, excessive IFN-

γ secretion by γδ T cells during influenza infection boosts lung immunopathology by suppressing 

the protective ILC2-dependent IL-5 and amphiregulin 194. 

4.3.3.5. Dendritic cells 

Lining the airway mucosa, DCs are specialized in recognizing and phagocyting pathogens, 

followed by presenting their antigens to T and B cells. Different pro-inflammatory signals 

determine the phenotype of DCs and regulate their interaction with T cells (Figure 6). Amongst 
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the different subtypes of DCs, influenza infection leads to active recruitment of conventional DCs 

(cDC) and plasmacytoid DCs (pDCs) in the respiratory tract 195. pDCs are distinguished from cDCs 

by the expression of lower levels of CD11c and MHCII and the expression of Siglec-H, Ly6C and 

B220 in mice, and CD303 (BDCA2), CD304 (BDCA4) and CD123 in humans. During influenza 

infection, pDCs are rapidly activated and release large quantities of type I IFN 138. Moreover, they 

produce a large amount of the chemokines CXCL1, CCL2, CCL5 and CXCL10, which promote 

the recruitment of leukocytes. Interestingly, quiescent pDCs express high levels of interferon-

regulatory factors (IRF), a family of proteins that regulate transcription of IFN and thus, make 

them ready to secrete IFN-I independently of the IFNAR signaling 138. 

The major subsets of cDCs in the murine respiratory mucosa are characterized by either 

CD103 or CD11b expression. Similarly, human cDCs are divided into CD141+ (BDCA3+) and 

CD1c+ (BDCA1+) cells. In steady-state conditions, CD103+ DCs (homologs to human CD141+ 

DCs) are situated in the basolateral space and extend their processes between epithelial cells to 

recognize the pathogen in the airway lumen. Upon antigen capture, mature DCs migrate towards 

the draining LN in response to IFN-λ in a CCR7-dependent manner and present viral antigen to 

CD4+ and CD8+ T cells 196,197. Moreover, CD103+ DCs further promote T cell responses by 

upregulating the costimulatory molecules CD40, CD86, CD80, and increasing the secretion of 

inflammatory cytokines, such as IL-6, IL-4, IL-13, IL-10 and IL-22 198,199. 

Mice that lack cross-presenting CD103+ DC or the transcription factor critical for the 

development of these cells fail to induce protective immunity by abolishing CTL-mediated IFN-γ 

production 200. Moreover, the depletion of this cell type in the lungs following influenza infection 

causes an impairment in the survival signals produced by DC that are important to regulate viral-

specific T cell responses and prevent premature apoptosis of these cells 197,201. 

4.4.  Vaccine immunity in space and time 

The influenza virus is continuously undergoing antigenic change to escape the host-

acquired immunity. Despite the improvement in antiviral therapy during the last decade, 

vaccination is still the most effective prevention method. The protection provided by current 

influenza vaccines mainly depends on the induction of pathogen-specific neutralizing antibodies 

without the need to challenge the natural pathogen 202. 
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Vaccines are among the most effective medical interventions in history. However, the 

current seasonal vaccines are only effective against well-matched circulating virus strains and 

provide little or no protection against pandemic influenza. Therefore, there is extensive 

surveillance to sequence circulating influenza strains around the world and predict which strains 

are most likely to predominate during the next flu season.  

Nowadays, two types of influenza vaccines are licensed/approved in Europe. These include 

trivalent inactivated vaccines (TIV) and live-attenuated influenza vaccines (LAIV) 203.  

TIV are formulated annually based on influenza strains predicted to be prevalent in the 

upcoming season (Lambert and Fauci 2010). The TIV are synthetic vaccines containing HA and 

NA proteins of three inactivated influenza viruses: two influenza type A strains (H1N1 and H3N2) 

and one influenza type B strain. TIV are produced by the propagation of the hybrid viruses with 

HA and NA genes of reference strains in fertilized hens' eggs and is available in whole, split 

(chemically disrupted) and subunit (purified surface glycoproteins).  

Instead, LAIV are generated using reverse genetics, where HA and NA genes are inserted 

on temperature-sensitive, cold-adapted viruses, which cannot replicate in temperatures above 33°C 

204. This characteristic allows the virus to replicate only in the upper respiratory tract inhibiting the 

spread to the lower part and minimizing the severity of the disease (Hoffmann et al., 2005).  

The two types of influenza vaccines, in general, stimulate different compartments of the 

immune system. LAIV vaccine stimulates the local immune system, whereas immunization with 

TIV stimulates the systemic arm 205.  

Vaccine efficiency is greatly enhanced by the addition of adjuvants in the formulation. 

Adjuvants are substances that stimulate and improve the magnitude and durability of the immune 

response to a vaccine antigen by modulating innate immunity through the induction of early 

inflammatory reaction 206,207. Thus suggesting that the type and strength of the early innate 

response and inflammation greatly impact the nature of the subsequent adaptive responses.  

4.4.1. Innate immune activation at the site of injection 

Most currently licensed influenza vaccines are administered intramuscularly, 

subcutaneously, or intranasal 208,209. The injection site influences the magnitude of adaptive 

immune response by modulating the quantity and the quality of infiltrating immune cells that can 
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interact with the vaccine. Upon seasonal influenza vaccine injection, innate immune cells, 

including macrophages and DCs present in the injection site, cause an increase in the release of 

chemokines, which leads to the recruitment of more immune cells from the circulation. Then, 

differentiated DCs act as antigen-presenting cells and migrate to the draining LN leading to the 

activation of T- and B-cells to produce antibodies. It has been demonstrated that co-formulation 

with different adjuvants enhances the local inflammation and influences the immune cells recruited 

to the injection site 210.  

In mice, certain adjuvants, such as unmethylated cytosine–phosphate–guanine 

oligodeoxynucleotide (CpG) or lipopolysaccharide (LPS), can program DCs to stimulate Th1- type 

polarized responses 211, whereas other adjuvants, such as Alum, result in Th2- type polarized 

responses 212.  

In humans, the knowledge regarding the role of inflammation and the influence of 

adjuvants is limited so far. However, recently many approaches have been described to directly 

improve cell-vaccine interactions by modulating the location and the timing of this interaction.  

4.4.2. Lymph node 

Lymph nodes (LN) are secondary lymphoid organs that generate highly specialized 

microenvironments for mounting effective immune responses 213. The LN are strategically located 

in anatomical sites where they can be easily reached by immune cells traveling around the body. 

There are two routes by which immune cells can enter LNs: naïve and central memory 

lymphocytes can arrive from the bloodstream by crossing high endothelial venules. Alternatively, 

effector lymphocytes, antigen-presenting cells and vaccines can enter afferent lymphatic vessels 

and migrate to draining LN 214. 
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Figure 7: Lymph node structure. The lymph node can be separated into three distinct regions: cortex, paracortex and medulla. 

The cortex contains discrete lymphoid nodules, composed of B cells and FDCs, called ‘primary follicles’. After antigen stimulation, 

B cells undergo intense proliferation, giving rise to secondary follicles called germinal centers. Inside the cortex lies the 

paracortex, which is composed of T cells and DCs. The deeper medulla consists of lymphatic tissue called medullary cords, which 

are separated by lymph filled spaces called medullary sinuses. The lymph node vasculature includes HEVs and lymphatic vessels. 

T cells and B cells circulate constantly through the lymph node by entering HEVs and exiting via efferent lymphatic vessels. DCs 

enter via afferent lymphatic vessels. Lymph, containing DCs and soluble antigen, enters the lymph node at several points through 

afferent lymphatic vessels and deposits antigens in the subcapsular sinus 215. 

The architecture of the LN is pivotal for its role in inducing a humoral immune response. 

The LN is divided into three primary regions: the cortex, paracortex and medulla (Figure 7). The 

cortex is the outer region of the LN, between the capsule and the subcapsular sinus (SCS). Within 

the cortex are niches containing primarily B cells follicles, (after challenge) called germinal centers 

and follicular dendritic cells (FDCs), that are crucial for the recruitment and maintenance of B cells 

216. The interfollicular area (IFA) separates the distinct B cell follicles.  

The paracortex, also known as the T cell zone, contains fibroblastic reticular cells (FRCs), 

integral components of the conduit system that organize the LN microarchitecture and control 

immune cell interactions. These cells, together with collagen fibers make up microchannels known 

as the conduit network. It bridges the subcapsular sinus and HEVs, enabling small molecules of 

less than 70 kilodaltons, such as soluble antigens, chemokines, and cytokines, to be delivered into 

the paracortex 217,218. 
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The medulla is proximal to the efferent lymphatic vessels and is a labyrinth of lymph-

draining sinuses separated by medullary cords, which contain many plasma cells, some 

macrophages and memory T cells 219. 

4.4.2.1. Antigen arrival to the draining lymph node 

The function of the LN is to survey antigens, pathogens and debris from the lymphatic 

fluid. The organization of the lymphatic vasculature within the LN allows the entry and 

localization into different regions of the antigens based on their size. Moreover, an antigen can 

traffic passively and actively (Figure 8). Most of the protein antigens from the tissue use the lymph 

as the main route to the draining LN. The afferent lymphatic vessels arrive in the sinus and then 

perforate the capsule to connect to the cortical lymphatic network. Different types of fibroblasts 

that build the conduit system provide structural support to this system. The FRCs conduit network 

is located close to the sinus, where it acts as a sieve for antigens smaller than 70 kDa or viruses 

within a range of 20-100 nm that passively enter the LN through the conduit system after 

immunization. Antigen delivery from the afferent lymphatics enters the B cells follicles or another 

region of the LN, such as the paracortical region to alert resident DCs for antigen presentation 

218,220. In contrast, proteins bigger than 70 kDa or bacteria, between 200-400 nm in size, cannot 

passively diffuse and require an active antigen transport. Active trafficking involves several 

migratory cells, and their movement from the tissue to the LN occurs through the lymph or the 

blood.  In the skin, migratory DCs,  Langerhan cells (located in the epidermis) and dermal dendritic 

cells (located in the dermis) take up antigens and migrate to the draining LN via the lymphatics 

for presentation 221,222 (Figure 8f). Monocytes can also acquire soluble antigens, such as 

ovalbumin, and migrate to the LN 223 (Figure 8e). In addition, neutrophils are another mechanism 

for actively trafficking protein antigens through the blood or the lymph during infection or 

inflammation 224 (Figure 8d, g). 

As discussed above, the antigen size will determine its migratory pattern to the draining 

LN. Moreover, it will also affect which cell type encounters the antigen and shape the immune 

response. 

In the case of small antigens that passively enter the LN, LN-resident DC and follicular B 

cells are responsible for their direct capture and presentation (Figure 8b-c). Moreover, specialized 

macrophages are strategically located near the sinus and close to the lymphatic vasculature to 
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capture incoming antigens and exchange it with DCs or B cells 225,226 (Figure 8a). Whereas, in the 

case of active transport, big antigens are usually acquired by migratory DCs. In addition, B cells 

can also capture larger antigens that enter the LN via active transport mediated by DCs and 

subcapsular sinus macrophages (Figure 8f). Finally, FDCs can acquire antigen from B cells and 

retain it for longer after immunization to provide a potential antigen source for naïve B cells during 

the primary response or boost the germinal center development and B cell memory responses 

(Figure 8b).  

In the following sections, we will outline the cell types and the location of all the immune 

cells involved in cell-mediated response to protein antigens and pathogens. 
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Figure 8: Antigen trafficking in the lymph node. a) Lymphatic sinus macrophages and DC (cDC2) extend dendrites into the 

subcapsular sinus to acquire lymph-borne antigens. b) Small, soluble antigens diffuse from the conduit pores and traffic to the B 

cells follicles. c) Small, soluble antigens diffuse from the conduit pores and traffic to the LN cortex. d) Neutrophils can transport 

small antigens from the site of infection to the lymph nodes via the afferent lymphatics. a-d) Describe the passive trafficking of 

small antigens to the LN.  e) Ly6C + MHCII + monocytes can acquire soluble antigens, such as ovalbumin, and migrate to the LN.  

f) Migratory DCs, both cDC1 and cDC2, traffic different antigens from the periphery to the draining LN via the HEVs. g)  

Neutrophils can transport big antigens such as bacteria from the site of infection to the lymph nodes via the HEVs. h)  

CD169 + metallophilic macrophages sequester antigens near the sub-capsular sinus to exchange unprocessed antigen to follicular 

B cells. e-h) Describe the active trafficking of small or big antigens to the LN 227. 
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4.4.2.2. Lymph node macrophages.  

The subcapsular sinus contains transient migratory leukocytes from the afferent lymphatics 

and tissue-resident leukocytes. The macrophages are not uniform across the entire LN and they 

can classify based on their location and the expression of specific markers into 3 different 

subpopulations. The subcapsular sinus macrophages (SSMs) express high amounts of the sialic 

acid binding Ig-like lectin 1 (Siglec1 or CD169) and the integrin CD11b (Mac1), and lack 

expression of the macrophage marker F4/80 228. SSMs have noticeable cellular protrusions, which 

constantly survey the lumen of the subcapsular sinus for lymph-borne molecules and particles 228. 

Although they are poorly phagocytic, they can retain opsonized antigens on their cell membranes 

for long periods of time. In addition, SSMs facilitate B cell priming by transferring antigens to B 

cell follicles and antigen-antibody immune complexes (ICs) to FDCs 216,229–232. 

Another subtype of LN macrophages is the medullary macrophages (MMs).  As the name 

suggests, this type of macrophage lines the medullary and cortical sinuses. They are characterized 

by the expression of CD11b, CD169 and F4/80. Moreover, they also express the lymphatic vessel 

endothelial hyaluronan receptor 1 (LYVE1), the macrophage receptor with collagenous structure 

(MARCO) and SIGN‐R1 228. Unlike SSMs, MMs are highly phagocytic and capture large amounts 

of substances that reach cortical and medullary sinuses 233. In the context of infection, MMs capture 

viral antigens through SIGN‐R1 and MARCO, which limits their systemic spread 234,235 

Finally, the third type of macrophage is the interfollicular macrophage (tingible body 

macrophages) (TBMs). TBMs are dedicated to eliminating apoptotic cells during the germinal 

center reaction and are found inside the follicles. They are not unique to LN as they are also found 

in the spleen 236.  

4.4.2.3. Lymph node dendritic cells.  

DCs can be viewed as a bridge between innate and adaptive immunity. Among all the 

professional antigen-presenting cells (APC), they integrate signals derived from infected or 

damaged tissue and present processed antigen to naive T cells more efficiently than others while 

providing multiple soluble and surface-bound signals for T cell differentiation. Thus, have a large 

impact on immune reactivity.  DCs acquire the antigen in peripheral tissues and then carry it in a 

processed form to the draining LN. Alternatively, antigenic material becomes lymph borne 
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reaching the LN by passive diffusion, where it is taken up by DCs. In both cases, it is required that 

LN are continuously scanned by immature DCs that can uptake and process the circulating 

antigens.  

Experimental evidence accumulated over two decades reflects a higher DCs plasticity that 

makes it impossible to define strict subsets based on the developmental origin or their function 237–

239. What has emerged is a new classification system based on the lineage ontology that allows a 

clear distinction of DC subsets that often correlate with their function 240. This divides DCs and 

related myeloid lineages into conventional (also known as classical) DCs (cDCs), plasmacytoid 

DCs (pDCs), and non-conventional DCs (non-cDCs), such as monocyte-derived DCs (MoDCs) 

and Langerhans cells (LCs). 

cDCs have been largely associated with a variety of Th cell responses and have been termed 

type 1 (cDC1s) and type 2 (cDC2s) 241–243. cDC1s are the primary subset that cross-presents antigen 

to CD8+ Th cells, produces IL-12 and uniquely expresses TLR3. In contrast to cDC1s, cDC2s 

effectively activate the CD4+ cell responses. Moreover, cDCs can be further categorized based on 

their location and how they access the antigen into LN-resident (CD11chiMHCIIint) and migratory 

(CD11cintMHCIIhi). Despite their name, LN-resident cDCs are not stationary and continually enter 

the LN from the bloodstream. By contrast, migratory cDCs reside in peripheral tissues and must 

enter afferent lymphatic and migrate to LN to interact with naive T cells. Migratory cDCs either 

present antigens directly to T cells in the LN or transfer antigens to LN-resident dendritic cells 

244,245.  

LIke SSM, LN-resident cDC2 are strategically positioned within the lymphatic sinus, 

capturing lymph-borne antigens for efficient presentation to naïve T cells, and migratory 

CD11b+ cDC2s  homed to the IFZ in the T cell–B cell border 246. CD11b+ cDC2s exhibit a higher 

capacity to mount a robust T cell response than migratory cDC2s. However, migratory DCs further 

augment the immune response by continuously delivering antigens from peripheral tissues that 

may not otherwise drain to the LN. Ultimately, these antigen-bearing DCs are joined in the IFA , 

at the T-B border and ultimately present antigen to CD4+ T cells 247–249 

Similarly, XCR1+ CD11b- cDC1 are responsible for CD8+ T cell cross-priming and locate 

in the paracortex close to these cell populations 250. In addition to creating distinct niches within 
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the LN, specialized DC subsets in different areas enriched for CD4+ or CD8+ T cells increase the 

likelihood that APCs productively engage their cognate lymphocytes. 

Upon activation, DC subsets express specific chemokine receptors and adhesion molecules 

that correspond to the differential positioning within the LN. DCs upregulate the C-C chemokine-

receptor CCR7, which allows them to sense the CCL21 gradient, a ligand for CCR7, and enter via 

the lymphatics to the LN 251,252. Then both T and DCs are retained in the IFA thanks to the constant 

secretion of CCL19 and CCL21 253.  

4.4.2.4. T cells 

Naive T cells that express the chemokine receptor CCR7 are recruited into and enter LN 

via the HEVs. Upon encounter with CCR7+  DC-bearing antigen in the T cell zone, T cells 

upregulate the expression of CXCR5. Thus generating a specific chemokine gradient, early 

activated T and B cells are retained in the T-B border within migratory CXCR5+ cDC2s 245. The 

reason beyond spatial segregation is to enable distinct cell-cell and cell-vaccine interactions. As 

discussed above, the DCs position, together with other accessory cells, such as stromal cells, 

granulocytes, B cells, pDCs and natural killer (NK) cells, supports niche-restricted T cell 

differentiations by establishing specialized microenvironments. CD4+ and CD8+ are activated in 

the paracortex. LN-resident XCR1+ cDC1s directly prime CD8+ T cells in the central part of the 

paracortex to induce cellular immunity 249. Different studies demonstrated that cognate antigen 

recognition by CD4+ T cells induces local secretion of CCL3 and CCL4 that attract CD8+ T cells. 

Therefore, the spatial organization of different immune cells around cDC1s is important to 

determine the fate of Th differentiation 254,255.  

Whereas the humoral immunity is established in the peripheral region of the paracortex. 

Here, T follicular helper cells (Tfh cells), a subset of CD4+, is primed by CD11b+ cDC2s and 

relocate into the T-B border and/or the IFA 256. The upregulation of CXCL13 mediates the 

relocation of Tfh cells into the follicle border and the upregulation of CXCR5 on T cells. CD4+ T 

cells also receive signals from adjacent B cells that rapidly undergo maturation and induce 

germinal center formation by generating long-lived, high-affinity antibodies 257.  
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4.4.2.5. B cells 

The initiation of humoral immune responses requires that rare antigen-reactive B cells 

come in contact with antigens in the lymphoid tissue, including the spleen,LN, and Peyer's patches. 

Small antigens passively diffused to the LN reach the follicle where B cell activates. By contrast, 

large antigens require active transport by APCs as membrane-bound antigens to the follicle. An 

additional stimulus for B cells recruitment comes from FDCs within the follicle s center. These 

cells produce the chemokine CXCL13, the ligand for CXCR5 and guide CXCR5+ B cells to enter 

from HEVs in the follicles and activate B cells by displaying opsonized antigens on their surface. 

In addition, FDCs prolong the retention of the antigen in the follicle by enhancing more somatic 

hypermutation and increasing affinity maturation.  

Upon encounter with antigen, signaling via the B cell receptor (BCR) initiates germinal 

center (GC) B cell responses. Moreover, antigen availability and the relative abundance of the 

epitopes can influence the immune response. Activated B cells, FDC and TBMs orchestrate the 

GC microenvironment to develop antigen-specific B cells and plasma cells 258. Advanced imaging 

techniques helped to describe the dynamics of this process. B cell memory is established following 

two mechanisms. On one side, before entering the GC, B cells change their immunoglobulins 

structure by class switch recombination (CSR) 259. Later in the dark zone (DZ), the somatic 

hypermutation (SHM) introduces point mutations in the DNA encoding the antigen-binding region 

of BCR 260. Finally, high-affinity B cells take place in the light zone (LZ), where cells that can 

present the antigen and stimulate the Tfh response are selected and differentiate into either plasma 

cells (PCs) or memory B cells, each playing distinct roles in humoral immunity 261.  

In T-dependent immune responses, rare antigen-engaged B cells must encounter rare 

cognate antigen-specific T cells. Upregulation of CCR7 guides B cells at the T-B cell border. Here 

they interact with CD4+ T cells previously activated by APCs. B cells that have received T cell co-

stimulation undergo proliferation. The proliferative phase is followed by differentiation into short-

lived plasma cells, GC B cells and memory B cells to promote humoral immunity 256.  

4.5. The Effects of Pre-Existing Antibodies on influenza Vaccines 

Influenza immunity is established early in life and can last several decades. In fact, infants 

acquire immunity from maternal-fetal transmission or early infection. However, recurrent 
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mutations accumulated on the viral structure allow the virus to escape the pre-existing immunity. 

The presence of pre-existing antibodies caused by infection or vaccination with an antigenically 

similar virus may influence the vaccine immunogenicity outcome. Indeed, repeated seasonal 

vaccination or infection has been shown not to boost the response against conserved epitopes that 

might prevent infection 262. Therefore, the impact of pre-existing immunity on the long-term 

durability of the vaccine-induced immune response has been questioned for a long time 263,264. 

Pre-existing antibodies influence the development of immunological memory following 

vaccination. Although the increased frequency of memory B cells may benefit the secondary 

response, the negative feedback regulation due to circulating antibodies could limit it 265,266. 

Typically, individuals with high pre-existing circulating antibody titer also show a reduced boost 

in antibody titer after vaccination 267. Thus, a high level of cross-reactive antibodies reduces the 

overall response 268. Thus, to improve vaccine effectiveness, we need to understand better the 

impact of pre-existing immunity to generate antibodies to new epitopes or against cross-reactive 

epitopes 269.   

Pre-existing antibodies could interfere with the vaccine by forming virus–antibody immune 

complexes (ICs) that reduce or neutralize the responses in several ways 265,270,271:  

1) The antigen clearance model (ACM) hypothesizes that pre-existing antibodies cause 

faster clearance of the antigen, reducing the time for B-cell interaction;  

2) The Fc receptor-mediated inhibition model (FIM) hypothesizes that pre-existing 

antibodies form inhibitory immune complexes that reduce the activation of antigen-specific B cells 

by cross-linking B-cell receptor bound to the antigenic epitope and B-cell FcγRIIB bound to the 

Fc portion of the antibody in the immune complex 272;  

3) The epitope masking model (EMM) hypothesizes that pre-existing antibodies and B 

cells specific for the same epitope would compete for binding to that epitope on the antigen, and 

it inhibits the proliferation of epitope-specific B cells.  

A better understanding of cross-reactive immunity in the human population is also 

important for developing universal vaccine strategies against influenza viruses designed to boost 

pre-existing antibodies to protective levels. 
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5. AIMS 

The general objective of this work was to investigate the mechanisms by which innate 

immunity confers protection against influenza. More in detail, the focus of this study was to 

examine the involvement of inflammation and innate immune cells in establishing an efficient 

adaptive response against influenza virus vaccination and infection. Furthermore, we investigated 

the effect of pre-existing immunity caused by repeated exposure to influenza virus on the response 

after vaccination. Additionally, I aimed to define a possible strategy to modulate inflammation in 

response to viral infection, with the final goal to improve therapies against influenza infection.  

Therefore, the specific aims of the present work, based on studies or preliminary data, can 

be summarized as follows: 

Aim 1 – Evaluate the innate immune responses to influenza vaccination  

Aim 2 – Study the effect of influenza immunization in the context of pre-existing immunity 

Aim 3 – Characterize the dynamics of immune cells infiltration in response to influenza 

infection and identify a possible strategy to control and regulate influenza virus 

infections by targeting inflammation  

I have formulated different hypotheses to address the abovementioned aims, detailed in the 

following results section. 
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6. RESULTS 

6.1. Aim 1: Evaluate the innate immune responses to influenza vaccination 

6.1.1. Hypothesis 1 - Characterize the Dynamic Behaviour of Neutrophils 

Following Influenza Vaccination 

The innate immune system is critical in protecting the host during the first hours following 

influenza vaccination. Neutrophils are abundant in circulation among the innate cells and rapidly 

migrate to the LN influenza vaccination. This process involves complex cell-to-cell and cell-to-

pathogen interactions, and the dynamic nature of these interactions remains widely unknown.  

Our research must begin with the characterization of the initial phase of inflammation to 

better understand the dynamics of the response to influenza vaccine. Therefore, we hypothesized 

that neutrophils might play a relevant role in shaping the primary inflammatory response.  

As a result, I proposed the following sub-objectives: 

a) Employ an imaging method, 2-photon intravital microscopy (2P-IVM), that allows 

the in vivo long-term observation of neutrophils and the interaction with influenza 

vaccine 

b) Characterize the inflammatory cytokine gradient that induces neutrophils 

recruitment 

c) Describe a cutting-edge imaging analysis methodology to characterize in vivo the 

dynamics of the recruitment and the migratory patterns following vaccination. 

6.1.2. Hypothesis 2 - Investigate the role of natural killer cells in draining lymph 

nodes after influenza vaccination 

As mentioned in the introduction, previous studies demonstrated that several host 

restriction factors, including LN macrophage cell death, have been proposed to limit viral spread. 

Upon disappearance, these cells release alarmin molecules that play a key role in the recruitment 

and activation of neighboring cells.  

Deep characterization of the involvement of various cell types in the vaccine response 

highlights the importance of NK cells in this process. Indeed, we observed significant NK cell 
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recruitment at early times post influenza vaccination, suggesting their contribution to the early 

response. Following this observation, we hypothesized that NK cells might have an apparent 

involvement in the early inflammatory process while contributing to shaping the adaptive immune 

response against influenza vaccine.  

To confirm this hypothesis, I formulated the following sub-objectives:  

a) Characterize the involvement of NK cells in the early inflammatory reaction 

triggered by LNM disappearance 

b) Investigate the time-course of the early NK cells recruitment to determine the 

kinetics of their activation in response to influenza vaccine administration 

c) Evaluate the dynamic of NK cell interaction with other LN-resident cells by 

detecting in vivo changes in their motility pattern 

d) Demonstrate the contribution of early NK cells in shaping the humoral response to 

influenza virus. 
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Neutrophils are amongst the first cells to respond to inflammation and infection. Although

they play a key role in limiting the dissemination of pathogens, the study of their

dynamic behavior in immune organs remains elusive. In this work, we characterized

in vivo the dynamic behavior of neutrophils in the mouse popliteal lymph node (PLN)

after influenza vaccination with UV-inactivated virus. To achieve this, we used an

image-based systems biology approach to detect the motility patterns of neutrophils and

to associate them to distinct actions. We described a prominent and rapid recruitment of

neutrophils to the PLN following vaccination, which was dependent on the secretion of

the chemokine CXCL1 and the alarmin molecule IL-1α. In addition, we observed that the

initial recruitment occurred mainly via high endothelial venules located in the paracortical

and interfollicular regions of the PLN. The analysis of the spatial-temporal patterns of

neutrophil migration demonstrated that, in the initial stage, the majority of neutrophils

displayed a patrolling behavior, followed by the formation of swarms in the subcapsular

sinus of the PLN, which were associated with macrophages in this compartment.

Finally, we observed using multiple imaging techniques, that neutrophils phagocytize and

transport influenza virus particles. These processes might have important implications in

the capacity of these cells to present viral antigens.

Keywords: intravital 2-photon, innate immunity, vaccination, neutrophils, data mining, action recognition, cell

actions

INTRODUCTION

The innate immune system plays a critical role in protecting the host during the first hours that
follow a new insult (1). This process involves complex cell-to-cell and cell-to-pathogen interactions
that are essential for the early recognition of the pathogen and the initiation of the adaptive immune
response (2). Although several advances have been made in linking the behavior of innate immune
cells to the efficiency of the immune response (3), many questions remain open. This is mainly due
to the dynamic nature of the aforementioned interaction patterns, which change over time and are
distributed in space (4).

The lymph node (LN) has been the preferred organ to investigate in vivo the complexity
of cell behavior and cell dynamics in relation to immune functions (5). This organ is highly
compartmentalized and is composed of specific regions, which facilitate the coordination of the
innate and adaptive immune responses. Indeed, the architecture of the LN further promotes the
dynamics of immune cell interactions, such as antigen trafficking between macrophages from
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different regions, which is critical for the final effector response
(6–10), and the capture and presentation of antigen by LN
resident dendritic cells (DC) (11, 12). The migration of different
cell populations to the specific regions of the LN follows
a complex balance of chemokine gradients that orchestrate
its architecture. For instance, CCL21 and CXCL12 act on
the vascular endothelium to promote the recruitment of
leukocytes via high endothelial venules (HEV) (13, 14). After
the extravasation process, CXCL13 and CCL19-21 direct B
and T cells toward the B-cell follicle and the T-cell zone,
respectively (15–20).

Among the innate cells thatmigrate to the LN in inflammatory
conditions, neutrophils constitute the first line of defense against
pathogens (21, 22). These cells have important immunological
functions, such as the secretion of antimicrobial compounds
(23), and play a key role in tissue cleaning and remodeling
(24). Neutrophils are abundant in the circulation in their
mature form and are rapidly recruited from the bone marrow
upon inflammation (25, 26) via post-capillary vessels (27, 28)
or lymphatics (28–31). Neutrophil recruitment to the site of
infection is a highly regulated process that involves the initial
secretion of pro-inflammatory factors, released by activated
macrophages and DC, which regulate the expression of adhesion
molecules from vascular endothelial cells (24, 32). Among the
different inflammatory cytokines that have shown to be involved
in this process, the interleukin-1 (IL-1) family (33–35) and the
tumor necrosis factor (TNF) are some of the best-characterized
(29). In addition, many other chemokines and receptors are
known to be involved (36).

Once recruited to the inflamed tissue, neutrophils can
interact with lymphocytes and antigen-presenting cells (APC)
influencing the adaptive immune response (24, 37, 38). This
was demonstrated in different inflammatory conditions in which
neutrophils released B cell-stimulating molecules, such as BAFF
or CD40L (39), or induced T cell proliferation and activation (37,
38, 40). T cell response can be further orchestrated by neutrophils
influencing both DC priming and T cell function via NETosis or
release of granules (41). Moreover, recent evidence has indicated
that neutrophils can cooperate with DC, transporting antigens to
the site of T cell activation or acting as APC (21, 42, 43).

While the initial recruitment of neutrophils from blood
has been extensively characterized (44), their post-recruitment
behavior remains widely unknown. One of the few actions
previously described regards the formation of aggregates
or swarms (22). This process involves the coordinated
migration of cells toward a common target (22, 45, 46).
During the formation of swarms, the first neutrophils that are
recruited can trigger a cascade of secondary chemoattractants,
which amplify the recruitment of other neutrophils in a
feed-forward manner (47). The main signals triggering
neutrophil influx and swarm formation were associated
with tissue injury (48, 49). However, in infection models,
other factors such as pathogen-derived compounds (50), or
molecules released by dying neutrophils (51) can trigger swarm
formation. The role of neutrophil swarms has been linked
with microbicidal activity, tissue remodeling, and protection of
uninfected tissues (21). However, it is unclear how individual

neutrophils behave in the swarming environment. Recent
studies using infection models have shown that neutrophil
swarm growth is correlated with the removal of subscapular
sinus macrophages (22). This suggests an interplay between
the two populations and a possible involvement of the
resident cell population in the initiation and regulation of
the process.

To better investigate the behavior of neutrophils following
influenza vaccination, imaging techniques are of paramount
importance. Among the available imaging methods, 2-
photon intravital microscopy (2P-IVM), allows the long-term
observation of cells in tissues of living animals. For this reason, in
the last two decades, 2P-IVM has become an essential tool for the
observation of immune-related mechanisms in vivo, highlighting
unprecedented mechanisms related to cell migration and
cell-to-cell interaction (5). However, an interdisciplinary
approach is required to analyze the imaging data generated
by this technique. Indeed, the recently established image-
based systems biology approach (52) combines microscopy
data with computational methods to describe, quantify,
and interpret complex biological processes, from imaging
data. This combination of methods allowed for instance to
uncover different T cell receptor signaling patterns (53) or
different types of migration patterns (54) from the tracks of
immune cells.

In this work, we employ a cutting-edge imaging analysis
methodology to characterize in vivo the dynamics of neutrophil
recruitment and their migratory patterns following vaccination
with UV-inactivated influenza virus. Thus, we highlight the
interaction of early recruited neutrophils with the resident
macrophage population involved in antigen capturing. Finally,
we report how neutrophil behavior changes over time, using a
new mathematical model that maps recurrent motility patterns
of neutrophils to biological functions.

RESULTS

Neutrophils Are Recruited to the Draining
Lymph Node via Blood Following Influenza
Vaccination
To study the dynamics of neutrophil recruitment to the
popliteal lymph node (PLN) we evaluated the total number
of Ly6G+CD11b+ cells by flow cytometry during the first
24 h following footpad administration of influenza vaccine (UV-
inactivated influenza virus, strain A/Puerto Rico/8/34). We
observed a rapid increase in the number of neutrophils, reaching
a peak at 12 h post-vaccination (p.v.) (Figures 1A,B). Moreover,
we found that the recruitment coincided with an increase in the
expression of the early activation marker CD69 in these cells
(Figure 1C). However, we found that, once in the LN, neutrophils
downregulate the expression of the chemokine receptor CXCR4,
one of the key regulators of leukocyte trafficking (Figure 1D).
In addition, we also detect loss and shedding of the receptors
CD44, CD62L, and CD49d, which are constitutively expressed
in resting neutrophils (Supplementary Figures 1A–D). To better
characterize the recruitment process, we performed confocal
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FIGURE 1 | Neutrophil recruitment and distribution into the popliteal lymph node (PLN) after influenza vaccine administration. (A) Kinetic of neutrophil recruitment into

the PLN during the first 24 h following UV-inactivated influenza virus injection (UV-PR8). (B) Flow cytometric analysis showing the recruitment of neutrophils (Ly6G+

CD11b+) at 12 h post-vaccination (p.v.). Percentages of CD69+ (C) and CXCR4+ (D) cells out of all neutrophils at 12 h p.v. compared with non-vaccinated controls.

(E) Representative confocal microscopy of LN section showing the distribution of Ly6G+ neutrophils (red) in the LN at 3 h p.v. in a CD11c-YFP animal. (F)

Quantification plots showing the distribution of neutrophils in the medullary (Med), interfollicular area (IFA), T cell zone (Cortex), follicle (Fo), and subcapsular sinus

(SCS) areas of the LN at 3 h p.v.. (G) Sequential 2-photon intravital (2P-IV) micrographs showing the recruitment of LysM-GFP neutrophils (green). Blood vessels (red)

are labeled by i.v. injection of Rhodamine B isothiocyanate-Dextran. White arrows indicate a hotspot. (H) Time series showing increasing density of neutrophils inside

high endothelial venules (HEVs) of the PLN following vaccination. (I, left) Schematic drawing of the mouse footpad showing the injection site (1), the imaged area (2),

and the lymphatic drainage toward the PLN (3). (I, right) Sequential 2P-IV micrographs showing the recruitment of LysM-GFP inside the lymphatic vessel in the

injection site following UV-PR8 administration. (J) Time series showing increasing density of neutrophils inside the draining lymphatic vessel. In all figures, the

presented data are representative of at least three independent experiments. Results are given as mean ± SD. ns p > 0.05; *p < 0.05; **p < 0.01; ****p < 0.0001.
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FIGURE 2 | Production of CXCL1 and IL-1α induce recruitment of neutrophils to the PLN in response to vaccination. (A) Time course showing the secreted IL-1α in

the LN at 0, 2, 6, 12, and 24 h following vaccination. (B) Flow cytometric analysis showing the recruitment of neutrophils in the LN in B6 and IL-1R-deficient mice at

12 h p.v.. (C) Cytoplex analysis showing the production of CXCL1 in the LN at 12 h p.v. in CCR2 KO, IFNAR KO, and CD169DTR mice compared to B6 controls. Flow

cytometric analysis showing the total neutrophils count (D), and the expression of CD69 (E), and MHCII (F) after administration of recombinant IL-1α and CXCL1. In all

figures, the presented data are representative of at least three independent experiments. Results are given as mean ± SD. ns p > 0.05; *p < 0.05; **p < 0.01; ***p <

0.001; ****p < 0.0001.

microscopy and quantified the presence of these cells in different
areas of the PLN at 3 h p.v. (Figure 1E). We observed that,
at this early time, neutrophils accumulate in the medullary
and interfollicular areas (Figure 1F). Next, to evaluate if the
recruitment occurs via the blood vessels or the lymphatic system,
we monitored in vivo the process using intravital 2-photon
and electron microscopy. Quantitative analysis of the 2-photon
movies acquired in the paracortical blood vessels of LysM-GFP
mice showed a prominent increase in the number of neutrophils
during the first 2 h p.v. (Figure 1H). In addition, we observed the
presence of multiple hotspots (55) in the wall of high endothelial
venules (HEVs), suggesting a relevant role of these areas in the
observed recruitment (Figure 1G; Supplementary Movie 1). To
confirm this observation, we performed electron microscopy
in a PLN HEV, which clearly showed neutrophils associated
with the blood vessel endothelium as early as 2 h p.v.
(Supplementary Figure 1A). Interestingly, intravital imaging of
the lymphatic vessels, which drain the area in which the vaccine
was administered (Figure 1I), showed a progressive increase in
the number of neutrophils inside the lymphatic vessels during the
first 4 h p.v. (Figure 1I; Supplementary Movie 2). However, this

process appeared to be slower than the recruitment that occurs
via blood, as we could not detect any neutrophil in the lumen of
the lymphatic vessels during the first 2 h p.v. (Figure 1J).

The Recruitment of Neutrophils to the LN
Involves the Cytokine IL-1α and the
Chemokine CXCL1
In a previous study, we observed that the necrotic death of
the LN macrophages after the administration of influenza
vaccine was followed by the release of the potent inflammatory
cytokine IL-1α (6). In this work, we confirmed that IL-1α
reaches an early peak (6 h) following vaccination and returns to
basal levels at 24 h p.v. (Figure 2A). Moreover, we found that
IL-1RKO animals show a significant inhibition of neutrophil
recruitment in the PLN (Figure 2B). To confirm that IL-1α
was involved in neutrophil recruitment, we injected a dose of 1
µg of recombinant IL-1α in the mouse footpad, and observed
that the injection of this cytokine alone was able to induce
the recruitment of neutrophil in the draining PLN at 12 h
p.v. (Figure 2D). In a previous work, we also observed that
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FIGURE 3 | Neutrophils phagocyte and transport influenza virus. (A) Schematic drawing (left) of an electron micrograph (right) showing neutrophils in the SCS

phagocytizing UV-inactivated influenza virus at 2 h p.v.. (B) Flow cytometric analysis indicating the percentage of neutrophils positive for influenza vaccine (DiO labeled,

left) and the corresponding MFI analysis (right). (C) Intravital 2-photon micrograph showing a LysM-GFP neutrophil (green) phagocytizing DiD labeled UV-PR8 (red)

(left). Intravital 2-photon timelapse showing the correlation between the tracks from a UVPR8-positive vesicle and the neutrophil (right). (D) Distance of the viral

particles from the cell centroid (black line), compared to the cell radius (red line). Results are given as mean ± SD. ns p > 0.05; *p < 0.05; **p < 0.01.

influenza vaccination induced a fast increase of the chemokine
CXCL1 (6), a well-known inducer of neutrophil recruitment
(56). Therefore, to investigate whether the production of this
chemokine was associated with LN macrophages, we measured
the secretion of CXCL1 in animals in which LN macrophages
(CD169-DTR + Diphtheria toxin) or monocytes (CCR2KO)
had been depleted. We observed that, in both cases, the levels
of CXCL1 were significantly reduced at 12 h p.v. compared to
the control group (Figure 2C). However, CXCL1 levels were not
completely abrogated. Interestingly, we also observed that the
type-I interferon response following vaccination was necessary
for the secretion of this chemokine, as IFNARKO animals
showed a prominent inhibition of the levels of CXCL1 at 12 h
p.v. (Figure 2C). Moreover, we also observed that IFNARKO
animals display lower number of resident macrophages
(Supplementary Figures 1H,I), while CCR2KO did not showed
any difference (Supplementary Figure 1G). However, DTX-
treated CD169-DTR mice exhibited a complete depletion
of LN macrophages after the administration of the toxin
(Supplementary Figure 1F). Besides, footpad administration
of recombinant CXCL1 (0.5 µg/fp) alone was able to induce
a significant recruitment of neutrophils in the popliteal LN
(Figure 2D). However, we observed significant differences
in the effect that both molecules had on the activation of
neutrophils. Recombinant CXCL1, but not IL-1α, was able to

induce the expression of the early activation marker CD69 in
the recruited neutrophils (Figure 2E). However, neutrophils
recruited after IL-1α administration showed higher levels of
MHC II compared to the ones recruited following treatment with
CXCL1 (Figure 2F).

Neutrophils Phagocytize and Transport
Influenza Virus
To examine the capacity of neutrophils to phagocytize UV-
inactivated influenza virus (UV-PR8), we performed electron
microscopy. Indeed, results showed that a number of neutrophils
phagocytized necrotic vesicles containing the UV-PR8 particles
(Figure 3A, Supplementary Figure 1J). To quantify the
percentage of neutrophils that phagocytized the virus, we labeled
inactivated influenza virus with the lipophilic dye DiO and
performed flow cytometric analysis. We found that 15% of the
neutrophils were positive at 12 h p.v. (Figure 3B). Finally, to
assess the capacity of neutrophils to transport phagocytized
influenza particles, we performed 2P-IVM in LysM-GFP mice.
The dual tracking of DiD-UV-PR8 and LysM-GFP neutrophils
confirmed that, after phagocytosis, neutrophils were able to
transport the phagocytized virus within the LN during 7 h
(Figure 3C, representative track, Supplementary Movie 3). A
volumetric reconstruction further confirmed that viral particles
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FIGURE 4 | Time-course of neutrophil motility. (A). Low-magnification 2P-IVM micrograph showing the structure of the PLN including vascular network (Fluorescein

isothiocyanate-Dextran), CD169+ macrophages (red), collagen scaffold (Second Harmonic Generation–blue) and neutrophils (light-blue) adoptively transferred from a

CK6/ECFP animal. Image was acquired immediately after vaccine injection. (B–D) Snapshots of representative LN areas at different time points. (E–G) Plots of cell

tracks with common origin showing four preferential migratory directions at 30min, more equally distributed directionalities at 75min and a tendency toward the 1st

and 4th quadrants at 135min. The number of tracks is 19, 101, 57, respectively. (H) Cell motility quantification using tracks mean speed, straightness, displacement,

and arrest coefficient. (I) Boxplots of Instantaneous speed (left) exhibiting high variance at early time points. Instantaneous speed time series (right) showing distinct

trends at different time points. (J) Representative track (left) acquired at 135min and the associated time series of the instantaneous speed (right). The same cell

exhibits two different trends characterized by low speed (i) and high speed (ii). Results are given as mean ± SD. ns p > 0.05; *p < 0.05; ***p < 0.001; ****p < 0.0001.

were internalized, with a distance from the cell centroid smaller
than the cell radius (Figure 3D).

Neutrophils Change Their Motility Soon
After Being Recruited to the LN
To identify the areas of the LN with higher activity, we
acquired low-magnification 2P-IVM movies (Figure 4A) in
a non-fluorescent recipient animal by adoptively transferring

neutrophils from a CK6/ECFP donor. Moreover, to visualize

the vasculature and the LN macrophages, we administered

fluorescein isothiocyanate-dextran (200 kDa) and CD169-PE

antibody, respectively. Initially, we imaged an area located in

the paracortex of the LN (Figure 4A, dashed line), characterized

by a high vascularization and active recruitment of neutrophils.

Representative snapshots of the acquired movies are shown in

Figures 4B–D, while the tracks of the analyzed cells are plotted

in Figures 4E–G. A qualitative analysis of cell migration showed
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FIGURE 5 | Neutrophils exhibit different actions in the early response to vaccination. (A) Graphic representation (up) and 2P-IVM micrographs showing different

neutrophil actions in response to influenza vaccination: flowing “F” neutrophils moving inside blood vessels, with long and straight tracks following the vessel structure.

Arrested neutrophils “A” exhibit confined tracks and short displacement. Patrolling neutrophils “P” have long, non-straight tracks associated with extensive tissue

monitoring. Directed neutrophils “D” exhibit straight tracks with lower migration speed compared to flowing neutrophils. Swarming neutrophils (S) form cell aggregates

with high density and large volume. (B) Gating strategies used to define and identify the actions according to cell speed, displacement, straightness, and arrest

coefficient on track fragments of fixed length (500 s). (C) Classification of track fragments at different time intervals (arrested: black, patrolling: red, directed: green,

flowing: blue, unspecified: gray). (D) Time-course plot showing the percentage of cells performing each of the actions over time, according to our gating strategy.

that at 30min p.v. neutrophils generated long tracks in four main
directions, which were associated with their movement inside
the blood vessels (Figure 4E; Supplementary Movie 4). Once
outside the blood vessel (75min p.v.), neutrophils did not follow
any preferential direction (Figure 4F; Supplementary Movie 4),
while at later time points (135min p.v.) they displayed a collective
migration directed toward an area in which cells started to cluster
(Figure 4G; Supplementary Movie 4). Next, we quantified cell
migration by computing measures based on entire tracks
(Figure 4H). We observed a significant change in neutrophil
motility occurring within 30–75min p.v. Indeed, neutrophils at
30min p.v. were faster, more directional and traveled longer
distances with a lower arrest coefficient, compared to later
time points. However, no significant difference was observed
between 75 and 135min. These findings, using track-based
measures, confirmed a change in the overall motility only after
recruitment. Nevertheless, the analysis of the instantaneous
speed of neutrophils showed a high variance (Figure 4I, left),
which was associated with a variable mean over time (Figure 4I,
right, black line). The observed variability in speed arises from
both the differences between distinct cells at the changes of speed
that a single neutrophil undergoes over time. An example is
provided in Figure 4J, where the track of a neutrophil (left) and

the plot of the instantaneous speed (right) over time are shown.
This example shows the transition between two distinct behaviors
that are characterized by low speed and high speed, respectively.

Neutrophils Perform Different Actions Over
Time
To describe the long-term and time-varying behavior of each
individual neutrophil, we defined, according to previous studies
(45, 57–59), five distinct cellular actions based on the motility
patterns visually identifiable in the videos (Figure 5A). We
named them flowing, arrested, patrolling, directed migration
and swarming (Figure 5A). To detect these actions from imaging
data, we divided the track of each neutrophil into multiple
fragments (tracklets). Then, we computed morphological
and motility measures on each of them. By defining a gating
strategy on these measures, each tracklet was associated with
an action (Figure 5B). Considering each tracklet as a data-
point, the proposed gating strategy identified five distinct
populations corresponding to the different actions (Figure 5C).
Following this analysis, we observed that neutrophils perform
different actions at different time points (Figure 5D). At
homeostasis, neutrophils were mostly flowing. Hence, circulating
within blood vessels with high speed and directionality
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(Supplementary Figure 2; Supplementary Movie 8). Then,
during the first 30min p.v. neutrophils were mostly associated
with capillaries, displaying both flowing and directed migration.
This behavior changed when neutrophils started to migrate
within the LN (30–75min p.v.), displaying primarily patrolling,
directed, and arrested behaviors. Other neutrophils exhibited
a temporarily directed migration. Finally, at 2 h p.v., cluster
formation was the predominant neutrophil behavior. This was
associated with temporarily directed migration of neutrophils
either toward a swarm under formation or from a previously
formed swarm to another target. In addition, a small population
of neutrophils was arrested (Figure 5D). These results confirmed
that the time-varying motility of neutrophils can be represented
as a sequence of distinct actions which, in turn, are associated
with distinct biological processes.

Following Vaccination Neutrophils Form
Swarms in the SCS Associated With SCS
Macrophages (SSM)
To identify the areas in the LN with high cell motility
we performed low magnification (10X) 2P-IVM, which
allowed the visualization of the whole organ (Figure 6A;
Supplementary Movie 5). Cells were tracked for a period of
30min and the percentage of cells migrating from one region to
another was computed. We found that at early time p.v. most
of the neutrophil migration occurred between the interfollicular
(IF) and the SCS areas (Figure 6B). To evaluate the presence of
areas associated with high neutrophil motility, we measured the
average pixel velocity by optical flow, a computer vision method
that does not require cell tracking (60). The results showed the
presence of hotspots with high motility, which are depicted as
lighter areas in the pixel velocity heat map (Figure 6C). These
hotspots were localized in the SCS and IF area. Interestingly, the
hotspots were associated with the regions where swarms were
formed (Figures 6D,E).

To fully characterize neutrophils swarming behavior, we
recorded movies in the SCS region of the LN using different
magnifications. Low magnification movies from LysM-GFP mice
showed that neutrophils formed large and multiple swarms in
association with regions enriched with macrophages (Figure 6F;
Supplementary Movie 6). Such swarms grew in size over time
(Figure 6G). Furthermore, neutrophils involved in the swarms
often changed their directionality from one cluster to another
(Figure 6F). In mathematical terms, the average dynamic of the
observed swarms was best described by a sigmoidal function
(Figure 6H), suggesting that swarm formation undergoes an
initial steady state, a growing phase and a plateau before its
resolution. Moreover, we observed that the decreasing swarms
showed a resolution period of∼30 min.

To better visualize individual neutrophil behavior, as well as
possible interactions with resident macrophages, we acquired
high-magnification videos starting from 5 to 7 h p.v.. These
videos confirmed that swarm formation occurs in proximity to
SSM (Figure 6I; Supplementary Movie 7), with highly directed
and skewed trajectories (Figure 6J), and the majority of
the cells approaching the center of the swarm (Figure 6K).

Moreover, using high-magnification 3D reconstruction and EM,
we confirmed that neutrophils were located in close proximity to
SSM clusters (Figures 6L,M). To investigate the involvement of
SSM in the formation of swarms we quantified the accumulation
of neutrophils in areas proximal or distal to SSM. Interestingly,
the number of neutrophils fluctuated over time outside the SCS
area (Figure 6N). By contrast, it constantly increased in areas rich
inmacrophages (Figure 6O) exhibiting the sigmoidal growth rate
observed during swarm formation.

DISCUSSION

In this study, we investigated in vivo the behavior of neutrophils
that are recruited to the draining LN following influenza vaccine
administration. Neutrophil recruitment has been previously
described in several infection models (22, 30, 44, 51, 61).
However, despite the critical role of these cells in pathogen
clearance and the initiation of the inflammatory response, their
specific behavior upon vaccination remains poorly studied.
In this work, we observed a rapid recruitment of activated
and mature neutrophils in response to vaccination with an
inactivated influenza virus. Although the role of neutrophils
against influenza has been extensively studied in the lung (62),
this is the first time that their behavior is characterized in
the draining LN in the early response to influenza vaccine
administration.

The way neutrophils enter the LN remains controversial.
Different studies have suggested that neutrophils get recruited
mainly via the HEV (44, 48). However, other authors have
stated that neutrophils access the LN mainly via the lymphatic
vessels (29–31). Our data suggested that influenza vaccination
induces an initial recruitment of neutrophils via HEV, followed
by a minor, secondary wave through the lymphatics that drain
directly from the injection site to the sentinel LN. It is tempting
to speculate that the type of recruitment might influence the
function of the recruited cells. However, future experiments
need to be performed to study differences in the behavior
and the function of neutrophils that arrive through different
routes. In addition, we found that a percentage of neutrophils
downregulates the expression of CXCR4, a marker known to be
involved in neutrophil mobilization from the bone marrow and
trafficking through the circulation to the site of inflammation
(63, 64). Moreover, consistently with neutrophils activation, we
detected a downregulation of multiple cell surface receptors
linked with leucocyte trafficking and accumulation (65, 66). By
contrast, these receptors were expressed at high levels in resting
neutrophils (67).

Neutrophil localization within the LN after pathogen
challenge is tightly linked to their specific function. In
a previous study, we observed that macrophages, located
within the subcapsular sinus (SCS) and the medullary area
of the LN, capture and retain influenza virus following
vaccination. Interestingly, in both the areas, macrophages
undergo necrosis-like cell death after viral capture that leads
to their progressive decline (6). Our study demonstrated that
neutrophils migrate toward the SCS progressively, probably
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FIGURE 6 | Characterization of neutrophils swarm formation in the PLN after influenza vaccination. (A) Low magnification 2P-IVM micrograph showing the PLN of a

LysM-GFP animal at 3 h p.v. Seven different areas are identified according to their anatomical structure and cell populations: SCS, follicles (Fo1-3), interfollicular areas

(IF1-2), and medullary area (MED). (B) Transition matrix showing the migration of cells across different areas. The value at the i-th row and j-th column refers to the

percentage of cells that migrated from the i-th to the j-th area. Values on the diagonal refer to the percentage of cells that remained in the same area. (C) Pixel velocity

heatmap, showing hotspots with high motility. (D) 2P-IVM micrograph showing the IF and SCS areas at 6 h p.v. Cap refers to the collagen capsule. Dashed lines

indicate hotspots toward which cells migrate with high motility. (E) Pixel velocity heatmap showing hotspots with high motility (yellow) (E). Dashed lines indicate

hotspots toward which cells migrate with high motility. (F) Sequence of micrographs at 6 h p.v. showing the formation of multiple LysM-GFP neutrophils swarms in the

SCS in close proximity to CD169+ macrophages (white) (G) Swarm volumes over time observed at 6 h p.v.. Volumetric data built according to fluorescence intensity

thresholding. (H) Sigmoid fit to previous swarm volume (R = 0.652) showing their averaged growth phase. (I) Sequence of micrographs with 25x magnification in the

SCS showing CFP-expressing neutrophils initiating a swarm at 5 h p.v. (J) Trajectories of 5 h p.v. swarm plotted from the same origin (K) Time-course distances from

the swarm center at 5 h p.v. (L) High magnification 3D reconstruction of LysM-GFP neutrophils interacting with CD169 macrophage network (red) in the SCS region.

(M) Colored transmission electron micrograph (left) and schematic drawing (right) showing the interaction of different neutrophils (n) with a macrophage (mf) in the SCS

of the LN at 2 h p.v.. (N,O) Number of neutrophils vs. time showing an oscillatory trend in an area without macrophages (N), and an increasing trend indicative of

swarming in an area associated with macrophages (O).

in response to chemoatactic signals released by the necrotic
macrophages, as suggested by other models based on infection
(22, 48). Among the different signals released by the necrotic

macrophages, IL-1α is one of the most potent (6). In this work,
we have demonstrated that IL-1α and its receptor IL-1R are
involved in the initial recruitment of neutrophils to the LN. Other
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authors have previously confirmed the role of IL-1β and IL-1R in
the recruitment of neutrophils to the infection site (33, 68, 69).
However, we could not observe any significant secretion of IL-1β
or activation of the inflammasome pathway in the LN following
influenza vaccine administration (6). Therefore, we can conclude
that the observed absence of neutrophil recruitment in the IL-1R-
defective mice was associated to IL-1α released by macrophages.

Moreover, we confirmed that CXCL1, a mouse homolog of
human IL-8, was also involved in the recruitment of neutrophils
to the LN. The source of this chemokine needs to be further
investigated but we speculate that DC and activatedmacrophages
could be the main producers (70, 71). Indeed, the secretion of
CXCL1 was almost abolished in mice lacking type-I interferon
(IFN) receptors, suggesting an important role of LNmacrophages
and DC, the main producers of IFN, in this process. Thus,
absence of IFN-I signaling in IFNARKOmice partially reduce the
total number of CD169+macrophages compared to the control,
although it did not significantly impair the number of medullary
macrophages. However, the specific elimination of macrophages
reduced only partially the expression of CXCL1. Interestingly,
our findings demonstrated that subcutaneous administration
of IL1-α and CXCL1 induced the mobilization of neutrophils
toward the LN. Nevertheless, we showed that CXCL1 induced
the expression of CD69, a marker associated with the early
activation, while IL-1α administration increased the expression
of MHCII, suggesting a potential role of neutrophils in antigen
presentation, as previously described in other models (40, 72).
Neutrophils are sensitive to a vast array of chemoattractants
that regulate their migration and infiltration to inflamed tissues.
Indeed, Chou et al. (73), previously described this process as a
cascade that require a multitude of chemokines, such as MIP-1α,
MIP-1β, and MIP-2. Therefore, will be of interest to explore the
complex nature of signals that mediate neutrophils recruitment
post-influenza vaccination.

In the early phases of recruitment, we found that neutrophils
exhibited significant differences, resulting in reduced speed,
directionality, and displacement, while increased arrest
coefficient. These findings suggest that the recruited neutrophils
actively migrate and increase cell-to-cell interactions. Previous
studies have associated the increase in the arresting of neutrophils
with the oxidative burst (20) in which reactive oxygen species
are generated. Antigen presentation might also influence the
speed of neutrophils. Indeed, other authors have reported that
neutrophils can serve as antigen presenting cells (APC) during
influenza infection in mice (2, 74, 75). In support of the notion
that neutrophils might act as APC in the context of influenza
vaccination, we observed that they actively phagocytize influenza
particles, which were previously associated with necrotic
macrophages. Moreover, we could observe an increase in the
expression of MHCII in these cells after exposure to IL-1α, which
is released by the dying macrophages (6). However, it is not clear
if the APC function of neutrophils might occur in the LN or,
as suggested by other authors (76), in other immune-relevant
organs, such as the spleen. In support of the former, we observed
that neutrophils are able to transport influenza particles for
long distances in the LN (77). This suggests that neutrophils
can carry viral particles to specific areas as described for other

infection models (78–80). Therefore the potential capacity of the
neutrophils to transport viral particles to other organs as well
as the capability of these cells to function as APC need to be
further investigated.

Our findings supported that neutrophil behavior is a dynamic
process, with significant differences observed already within the
first 3 h p.v.. These findings were in agreement with previous in
vitro studies in which the motility of neutrophils was found to
change withinminutes in response to both external (i.e., chemical
gradients) and internal factors (i.e., directional memory) (81).

Among the different actions that occur within the first few
hours after vaccination, we identified the formation of swarms,
which is a process previously associated with tissue injury
(49, 51). In this study, we showed that neutrophils swarms
are formed in the SCS, co-localizing with the resident SSM
population. The characterization of swarm dynamics showed
consistent growth rates, suggesting that they are comparable to
smaller transient swarms observed in other infection models
(22). Regarding the factors that generate this behavior, tissue
injury, neutrophil secondary cell death, and the release of the
chemoattractant LTB4 have been previously proposed as triggers
of swarm formation (51). Although LTB4 is mainly secreted by
neutrophils, macrophages can also produce this molecule (51).
These observations, along with our in vivo evidence of swarms
association with SSM, suggest a close association between the two
populations. In previous studies, swarm formation in the SCSwas
linked with the removal of resident SSM (24). We speculate that
macrophage death contributes to the initiation, amplification,
and stabilization of neutrophil swarming and recruitment via the
release of different chemoattractants, such as IL-1α. However, the
redundancy in the recruitment process of neutrophils, with the
involvement of more than 30 chemokine receptors (36), makes
the effect of a single molecule difficult to be distinguished from
other cues that regulate neutrophil chemotaxis.

Regarding the swarm dynamics, a direct correlation between
swarm size and tissue injury severity has previously been shown
(82). Furthermore, the number of neutrophil secondary death is
also proportional to the swarm size (51). It would be compelling
to determine whether influenza vaccination induces the death
of neutrophils in a way similar to the previously described
macrophage death (6).

The quantification of the spatio-temporal migration and
interaction patterns of cells from 2P-IVM data presents specific
challenges. These arise from the difficulties both in cell tracking
and in describing a complex biological system by means of
numerical values. The difficulties in cell-tracking, arise from
both the textureless appearance and the complex biomechanical
properties of neutrophils, including high plasticity and formation
of contacts. These problems are amplified by the high number
of cells that need to be tracked. To facilitate individual
tracking, the number of fluorescently-labeled cells can be reduced
by performing an adoptive transfer of a limited number of
fluorescently labeled cell to a non-fluorescent recipient animal.
This justifies the differences in cell number between the
experimental setup using LysM-GFP transgenic model or the
adoptive transfer of CFP-neutrophils into wild type animals prior
to imaging shown in Figures 1, 6, respectively.
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In this study, we described an alternative way to analyze cell
motility in 2P-IVM videos when single cells cannot be tracked.
Indeed, by computing pixel velocity, we identified the areas
in the LN, called hotspots, in which cells were more active.
The advantage of pixel-based measures with respect to track-
based measures is that neither manual nor automatic single-cell
tracking is required. Therefore, this allows the analysis of videos
with a high number of cells.

The quantification of neutrophil behavior from 2P-IVM data
is further challenged by the lack of mathematical models that
make their motility patterns interpretable. Although optical
probes can be used to transform a biological function into a light
signal, their application for 2P-IVM remains challenging (83).

To address this issue, we developed a new method of
analysis that brings two main advantages with respect to the
previously used methods: capturing the time-varying motility
of cells and making results interpretable. Indeed, the available
methods to assess cell motility can lose information during the
averaging process (81). Additionally, although several measures
of cell motility were defined (84), the connection of their
values to a biological meaning remains to be addressed by
the investigator. When applied to our data, the standard
track-based measures did not capture significant differences
in neutrophil behavior. However, the new method of analysis,
proposed in Figure 5, identified distinct actions, which changed
over time, indicating clear differences in the functions of
the analyzed cells. Although in this study we defined five
distinct actions of neutrophils, alternative actions could be also
defined in future studies, such as apoptosis or NETosis (78),
amongst others.

The proposed method allowed to perform a dynamic in situ
cytometric analysis as proposed in previous studies (53, 83)
where distinct phenotypes of cells were identified in 2P-IVM
data. However, a set of gates correlating phenotypes to actions
were not defined previously. By contrast, our action-based model
allowed to define a precise set of gates to interpret the results.
It would be compelling to define an extended list of actions that
neutrophils can perform or automatically unravel populations
of cells expressing distinct phenotypes using data mining
methods such as clustering algorithms (85, 86). Additionally,
advanced computer vision methods can be applied to detect
more complex behaviors, both on shorter and longer periods
of time considering other parameters such as cell morphology,
context, and space-time structures. This is in line with recent
works that aim to recognize cellular motion phenotypes in in
vitro cultures (87) or human actions using deepmachine learning
methods (88).

In conclusion, to analyze the complex dynamics of neutrophils
in intravital imaging data, an interdisciplinary effort is required.
By combining different imaging methodologies, molecular
techniques, and pattern recognition methods, we identified
distinct behaviors of neutrophils in the early response to
influenza vaccination. These behaviors are the expression, of
the biological mechanisms that follow influenza vaccination. In
addition, we identified an interaction between neutrophil and
macrophages, which might be important in terms of the capacity
of the former to capture and present antigen.

METHODS

Mice
All animals were bred in-house or acquired from Janvier labs
(C57BL/6). Mice were maintained under specific pathogen-
free conditions at the Institute for Research in Biomedicine,
Bellinzona and used in accordance with the Swiss Federal
Veterinary Office guidelines. The following transgenic mice
were used: LysM-GFP (89), IL-1R KO (90), TLR3 KO, Myd88
KO (91), CCR2 KO, IFNAR KO (92), CD169DTR (93),
CD11c-YFP (94), CK6/ECFP (95), UBC-GFP (96). All strains
were on C57BL/6 background. All animal experiments were
performed in accordance with the Swiss Federal Veterinary
Office guidelines and authorized by the relevant institutional
committee (Commissione cantonale per gli esperimenti sugli
animali, Ticino) of the Cantonal Veterinary with authorization
numbers TI28/17, TI02/14, and TI07/13.

Virus Production Inactivation and Labeling
Influenza virus strain A/PR/8/34 was grown for 3 days in the
allantoic cavity of 10-day embryonated chicken eggs. To remove
cellular debris the allantoic fluid was harvested and centrifuged
at 3,000 rpm for 30min. Virus was subsequently purified twice
in a discontinuous sucrose gradient at 25,000 rpm for 90min.
Virus stocks were quantified by tissue culture infective dose assay
(TCID50). To be inactivated, viral suspensions were placed under
the UV lamp at a distance of 15 cm for 15min. For the labeling
of UV-inactivated influenza virus, 50 mg/ml of DiD or DiO dye
was added to the viral suspension and incubated for 20min at
RT. After that, virus was subsequently purified by centrifugation
as mentioned before.

Antigen Administration and Injections
106 plaque-forming units (PFU) of inactivated virus per
footpad in a final volume of 10 µL were injected into
anesthetized mice at different time points prior to LN collection.
Macrophage depletion from CD169DTR mice was established
by intraperitoneal (i.p.) injection of 10 µg/kg of diphtheria
toxin (Sigma-Aldrich) a day before vaccination. Recombinant
murine IL-1α (1 µg/fp) and murine CXCL1 (0.5 µg/fp) were
reconstituted in sterilized PBS and injected in a final volume of
10 µl 12 h before LN collection. For in vivo labeling of cells, mice
received subcutaneous injection of 1 µg of fluorescently-labeled
αCD21/35, αF4/80, and αCD169/footpad (Biolegend), 3 h before
image acquisition. To label the blood vessel mice were injected
intravenously with 70 kDa Rhodamin B isothiocyanate-Dextran
or Fluorescein isothiocyanate-Dextran solution as described
before (97).

Flow Cytometry
Neutrophil influx to the PLN was monitored using flow
cytometry. PLN were collected, disrupted with tweezers, and
digested for 10min at 37◦C in an enzyme mix composed of
DNase I (0.28 mg/ml, Amresco), dispase (1 U/mL, Corning), and
collagenase P (0.5 mg/mL, Roche) in calcium- and magnesium-
free PBS (PBS-) followed by a stop solution composed of 2mM
EDTA (Sigma-Aldrich) and 2% heat-inactivated filter-sterilized
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fetal calf serum (Thermo Fisher Scientific) in PBS- (Sigma-
Aldrich). Fc receptors were blocked (αCD16/32, Biolegend)
followed by surface staining and analyzed by flow cytometry on
a LSRFortessaTM (BD Biosciences). Dead cells were excluded
using ZombieAcqua fixable viability dye (Biolegend) and data
were analyzed using FlowJo software (TriStar Inc).

Antibodies
In this study, cell suspension was isolated from harvested
organs and immunostained with various combinations of the
following fluorescence-conjugated antibodies: αB220 (RA3-6B2),
αCD3 (17A2), αCD11b (M1/70), αCD69 (H1.2F3), αI-A/I-
E (M5/114.15.2), αLy-6G (1A8), αCD21/CD35 (7E9), αF4/80
(BM8), αCD169 (3D6.112), αCD16/32 (90) (all from Biolegend).

Cytoplex Assay
The concentration of various cytokines and chemokine in
the lymph was determined by LEGENDPlex assays (Mouse
Proinflammatory Chemokine Panel and Mouse Inflammation
Panel; Biolegend) according to manufacturer’s instructions.
Briefly, popliteal PLNs were collected and carefully disrupted
in 75µL ice-cold phosphate buffer, minimizing cell rupture.
The suspension was centrifuged at 1,500 rpm for 5min, and the
supernatant was collected. Twenty-five microliter supernatant
was used for the protocol following the manufacturer
instructions. Samples were analyzed by flow cytometry on
an LSRFortessa (BD Biosciences), and data were analyzed using
LEGENDPlex software (BioLegend).

Immunohistology and Microscopy
Mice were euthanized, PLN harvested and fixed in 4% PFA
at 4◦C for 4–6 h. Organs were embedded in 4% low gelling
agarose (Sigma-Aldrich) and 50µm sections were cut with
Leica VT1200S vibratome (Leica Microsystems), blocked with
proper sera and stained with the indicated antibodies in
0.05% Tween-20 in 0.5% BSA PBS- for two days at 4◦C
shaking. More details are reported in the antibodies section.
Immunofluorescence confocal microscopy was performed using
a Leica TCS SP5 confocal microscope (Leica Microsystems).
Micrographs were acquired in sequential scans and merged to
obtain a multicolor image. Images were processed using Imaris
software (Bitplane AG).

Electron Microscopy
PLN were collected and fixed in 2% formaldehyde 2.5%
glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.4)
overnight at 4◦C. LN were washed in 0.05M maleate buffer (pH
5.15) and stained for 2 h in 1% uranyl acetate in maleate buffer.
The samples were dehydrated by incubation for 15min in ethanol
water (60, 90, 100%) and embedded in Epon.

Intravital Two-Photon Microscopy
Deep tissue imaging was performed on a customized up-
right two-photon platform (TrimScope, LaVision BioTec). Two-
photon probe excitation and tissue second-harmonic generation
(SHG) were obtained with a set of two tunable Ti:sapphire lasers
(Chamaleon Ultra I, Chamaleon Ultra II, Coherent) and an

optical parametric oscillator that emits in the range of 1,010–
1,340 nm (Chamaleon Compact OPO, Coherent), with output
wavelength in the range of 690–1,080 nm.

Imaging was performed in the PLN as previously
described (98).

Image Analysis and Data Processing
Cell detection, tracking and volumetric reconstruction from 4D
2P-IVM data were performed using Imaris (Oxford Instruments,
v7.7.2). Raw data generated from Imaris were further processed
and analyzed with a customMatlab script.

Cell tracks were generated semi-automatically and curated to
correct errors (i.e., jumps or non-detected cells). Tracks with a
duration <5 points or 300 s were excluded from the analysis.
Videos were stabilized using the drift correction functionality
when needed, compensating for translational-drift only and
by cropping the largest common area in the videos. Standard
measures of cell motility were computed using Imaris. These
include: Track duration (time interval between the first and
the last time points in which a cell is tracked), Track Length
(total length of the cell trajectory), Track Speed Mean (Track
length/Track duration), Track Displacement (length of the vector
from the first to the latest centroid position of the cell), Track
Straightness (Track Displacement/Track Length), and Speed
(instantaneous speed computed between adjacent time points).

Spectral Unmixing
An additional imaging channel, specific for the cells of interest
was generated by classifying each pixel as foreground or
background. This was achieved using the Coloc functionality
of Imaris in combination with a custom supervised machine
learning method for pixel classification implemented in Matlab
as described by Pizzagalli and colleagues (99). This method
trains a Supported Vector Machine (SVM) to classify pixels as
background or background on the basis of examples provided
by the user. A minimum of 20 and a maximum of 60
training points were provided for each video. To differentiate
between background and foreground the following features
were used: Local color, Gaussian-weighted average color in a
neighborhood (sigma= 3, 7 µm).

Quantification of Cell Density in High Endothelial

Venules (HEV) and Lymphatic Vessels (LV)
The density of neutrophils in a vessel presented in Figure 1 is
defined as the ratio of the number of cells inside a vessel and the
volume of the vessel itself. The density of neutrophils in HEV
was computed at different time points inside a selected HEV
which was visible for the entire duration of the acquisition (3 h).
HEV were labeled by the i.v. injection of 70 kDa Rhodamine
B isothiocyanate-Dextran. Cells inside the HEV were manually
counted every 300 s. The volume of the HEVwas estimated as the
volume of a cylinder, by measuring the average diameter in the xy
plane and the average height along z and the length of the vessel.

The density of neutrophils in LV at the injection site were
computed in a LV visible for the entire duration of the acquisition
(4 h). Draining LV were labeled by the subcutaneous injection

Frontiers in Immunology | www.frontiersin.org 12 November 2019 | Volume 10 | Article 2621

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Pizzagalli et al. Dynamic Behavior of Neutrophils Following Vaccination

of DiD-labeled virus and 70 kDa Rhodamine B isothiocyanate-
Dextran. Cells were detected and counted automatically using the
Spots function of Imaris. The volume of the LV was estimated via
volumetric reconstruction using the Surfaces tool of Imaris.

Estimation of Distance of the Virus Particle With

Respect to Cell Centroid
To confirm the internalization of the viral particles by
neutrophils, the distance of the particles from the cell centroid
was computed and compared to the cell radius. Cell radius was
estimated via volumetric reconstruction of the cell surface and
computed as the radius of a sphere having the same volume of
the cell.

Pixel Velocity
The average velocity of pixels presented in Figure 6A was
estimated via a custom Matlab script that computes optical flow
as described in Karlsson and Bigun (60). Only the channel where
the neutrophils were visible was used for optical flow estimation.
To address the lack of texture of immune cells which leads to
an aperture problem, Tikhonov regularization was used while
computing the flow (Tikhonov constant = 40). Additionally,
outliers were removed by Gaussian smoothing (sigma = 7)
followed by the saturation of the bottom 1% and the top 1%
of all pixel velocity values (set to the minimum and maximum
values, respectively).

Action Recognition
Gating Strategy
We mapped a biological meaning (actions) to specific ranges of
instantaneous motility measures. This allowed both to describe
the dynamic behavior of neutrophils as a series of actions
and provided a suggestion on the biological function of each
neutrophil at different time points. However, the problem of
identifying one action from a range of measures (gate) is an ill-
posed problem which often arises when characterizing a complex
biological system from experimental data (100). Indeed, not all
the possible actions are known and several actions might exhibit
similar motility measures leading to an undetermined solution.
To solve this issue, we defined gating thresholds that minimize
the overlap between distinct actions and we selected one action
out of the multiple possible solutions, based on an arbitrary
priority order. Although the gates used to detect actions are
subjected to the bias of the investigator, these can be easily
adapted according to the experimental settings and based on a
priori knowledge.

Software Implementation
A custom Matlab script (Supplementary Data File 1) was used
to automatically compute instantaneous motility measures and
detect actions.

This script decomposes each track into track fragments
(tracklets) with a fixed duration of 500 s (approximated to 17 time
points with a sampling interval of 30 s). From a track with total
duration Td ≥ 17 time points, K = (Td – 17) + 1 tracklets were
extracted by a sliding window. For the analysis of neutrophils
actions in homeostatic conditions and due to the high speed of

cells flowing in large blood vessels, the time window was reduced
to five time points and the sampling interval of the microscope
decreased to 20 s.

Then, the script computes the following measures on each
tracklet. Displacement: distance between the initial and the
final points of the tracks. Speed: track length/track duration.
Straightness: displacement/track length.

Arrest coefficient is typically defined as the percentage of
time in which a cell moves below a certain speed threshold.
However, being the tracklets of short duration this results in a
limited number of admissible percentages. Additionally, a sharp
threshold may introduce artifacts. Therefore, we computed arrest
coefficient by using a sigmoidal thresholding function defined
as follows.

ac =

∑k
i=1 1−

1

e1+s(k)−τ

ac0

where τ = 2 µm/min is a speed threshold and ac0 = k – (k/e1−τ )
is the arrest coefficient of a cell having a constant speed of
0 µm/min.

Based on the aforementioned parameters, each tracklet was
associated with one of the following actions:

“Arrested”: Cell which does not move (i.e.
interacting/adhering/death), exhibiting low speed,
low directionality, low displacement, and high
arrest coefficient.

“Patrolling”: Cell which moves, covering a large area of tissue,
with medium speed and directionality.

“Directed”: Cell which moves toward a target exhibiting
high speed and directionality (high displacement and low
arrest coefficient).

“Flowing”: Cell which flows inside the capillaries of blood
vessels in the LN. A flowing cell exhibits extremely high speed
and directionality.

Tracklet-to-action association was implemented by means
of fixed thresholds corresponding to different gates defined
in Table 1.

The detection of cells involved in a swarm (swarming) was
achieved via a volumetric reconstruction. For the videos in
Figure 4 with adoptively transferred CK6/ECFP neutrophils,
swarms were considered as surfaces with a minimum volume of
2∗103 µm3.

The number of cells in a swarm was estimated by dividing the
swarm volume by the volume of a single cell (assumed to 1∗103

µm3 without spaces between cells).

Swarm Quantification
To quantify the size and the growth rate of swarms we
defined both a cell density and an overall directionality criteria.
More precisely, we detected swarms in regions where cells
accumulated and where most trajectories pointed to. The
“surfaces” functionality of Imaris was used to reconstruct the
volume of swarms, selecting the marching cube algorithm with
either a user-defined brightness threshold in low-magnification
videos–Figure 6C or by manually defining a region of interest
around the swarm in high magnification videos–Figure 6I.

Frontiers in Immunology | www.frontiersin.org 13 November 2019 | Volume 10 | Article 2621

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Pizzagalli et al. Dynamic Behavior of Neutrophils Following Vaccination

TABLE 1 | Gating thresholds.

Evaluated on 500 s Arrested Patrolling Directed Flowing Swarming

Speed (µm/min) Min 0 2 6 10 –

Max 7 8 25 300 –

Straightness (0..1) Min 0 0.1 0.3 0.5 –

Max 0.3 0.5 1 1 –

Arrest coefficient (0..1) Min 0.7 0.1 0 0 –

Max 1 0.8 0.2 0.2 –

Displacement (0..1) Min 0 4 8 50 –

Max 15 20 80 300 –

Volume (µm3) Min – – – – 2,000

Each action (row) is mapped to a specific range (min-max) of motility parameters (columns). Values refer to tracklets with a duration of 500 s.

Neutrophils involved in the swarm were manually tracked
until the end of the videos or when they merged to
emerging swarms.

Statistics
Results were expressed as mean ± standard deviation (SD).
All statistical analyses were performed in Prism8 (Graphpad
Software, La Jolla, USA). Means among two groups were
compared with two-tailed t-test. Means among three or more
groups were compared with one-way ANOVA with Dunn’s
multiple comparison post-test.

Software Availability and Usage
The source code of the program to quantify the actions
of immune cells from their tracks, is provided in
Supplementary Data File 1. This program requires the tracks of
the cells to be exported from Imaris to an Excel file. After this has
been done, it is possible to open the program in Matlab, enter the
location of the Excel file, and executing the program. The plots
counting the actions will be automatically created.

To facilitate this process, and to avoid the requirement of
Matlab, the software will be further distributed as an open source
plug-in for common imaging software at https://www.ltdb.info/
tool and https://github.com/IRB-LTDB/.
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Supplementary Movie 1 | Recruitment of neutrophils from blood vessels. 4D

2P-IVM video acquired in the LN showing LysM-GFP neutrophils (green) recruited

via blood vessels (labeled with i.v. injection of Rhodamin B

isothiocyanate-Dextran–red, dashed line). Arrow indicates a hotspot where

neutrophils accumulate during extravasation.

Supplementary Movie 2 | Recruitment of neutrophils from lymphatic vessels. 4D

2P-IVM video acquired in the site of injection, showing LysM-GFP neutrophils

(green) recruited via lymphatic vessels (red) that draining to lymph node. UV-PR8 is

labeled in FR (white) and collagen fibers are visible by second harmonic generation

(SHG, blue).

Supplementary Movie 3 | Neutrophils phagocytize influenza virus particles. 4D

2P-IVM video acquired in the LN showing an interaction between LysM-GFP
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neutrophils (green) and viral aggregates (UV-PR8-DiO, red). Lines indicate the

tracks of neutrophils and viral aggregates, respectively.

Supplementary Movie 4 | Migration of neutrophils in the LN at 30, 75, and

135min post-vaccination. Neutrophils (light-blue) adoptively transferred from a

CK6/ECFP animal, migrate in the lymph node exhibiting different motility patterns

over time. The vascular network is labeled via i.v. injection of Fluorescein

isothiocyanate-Dextran (green), macrophages are labeled via CD169-PE antibody

(red) while the collagen scaffold is visible via Second Harmonic

Generation (SHG, blue).

Supplementary Movie 5 | Neutrophil migration in different areas of the LN. 4D

2P-IVM video acquired using a low magnification (10x) showing the migration of

LysM-GFP neutrophils (green) in the different areas of the LN. Collagen scaffold is

visible via Second Harmonic Generation (SHG, blue).

Supplementary Movie 6 | Swarm formation after vaccination. 4D 2P-IVM video

showing the formation of multiple LysM-GFP neutrophils swarms (green) in the

SCS in close proximity to CD169-AF647 macrophages (white). Blood vessels are

labeled via i.v. dextran injection (red) and the LN scaffold is visible via Second

Harmonic Generation (SHG, blue).

Supplementary Movie 7 | Swarm formation associated with dying macrophages.

4D 2P-IVM video showing swarm formation after vaccination. CFP-expressing

neutrophils (light-blue) are adoptive transfer into CD11c-YFP (green) animal prior

vaccine injection. UV-PR8 is labeled with DiD labeling dye (red). Dashed line

indicates the subcapsular sinus area and arrows indicate recruited neutrophils.

Supplementary Movie 8 | Neutrophil migration in homeostasis. Neutrophils

(light-blue) adoptively transferred from a CK6/ECFP animal flow within the blood

vessels of the lymph node. Vascular network (labeled via i.v. injection of

Fluorescein isothiocyanate-Dextran (green), macrophages are labeled via

CD169-PE antibody (red) while the collagen scaffold is visible via Second

Harmonic Generation (SHG, blue).

Supplementary Figure 1 | (A) Scanning electron micrograph showing an

association between neutrophils (n) and HEV at 2 h post vaccination (p.v.). The

lumen of the blood vessel is marked in red. (B) Flow cytometric analysis showing

the recruitment of neutrophils (Ly6G+ CD11b+) at 12 h p.v.. Percentages of

CD44+ (C), CD62L (D) and CD49d+ (E) cells out of all neutrophils at 12 h p.v.

compared with non-vaccinated controls. (F) Absolute numbers of CD169+ cells in

the lymph node of DT treated CD169-DTR mice (left) and representative density

dot plot showing the gating for CD169+CD11c intlow macrophage population

(right). Quantification of CD169+ macrophages in CCR2KO (G) and IFNARKO

mice (H). (I) Total number of CD169+F4/80+ medullary macrophages in

IFNARKO mice. (J) Schematic drawing (left) of an electron micrograph (right)

showing neutrophils in the SCS phagocytizing UV-inactivated influenza virus

at 2 h p.v..

Supplementary Figure 2 | (A) 2P-IVM micrograph showing the vascular

structure of the popliteal lymph node and the tracks of neutrophils (white lines)

prior to vaccination. Only neutrophils visible for at least 100 s and migrating within

the lymph node are tracked. (B,C) Actions performed by the tracked neutrophils

corresponding to distinct motility values shown in (B) mainly associated to

flowing (C).
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SUMMARY

The role of natural killer (NK) cells in the immune
response against vaccines is not fully understood.
Here, we examine the function of infiltrated NK cells
in the initiation of the inflammatory response trig-
gered by inactivated influenza virus vaccine in the
draining lymph node (LN). We observed that,
following vaccination, NK cells are recruited to the in-
terfollicular and medullary areas of the LN and
become activated by type I interferons (IFNs) pro-
duced by LN macrophages. The activation of NK
cells leads to their early production of IFNg, which
in turn regulates the recruitment of IL-6+ CD11b+
dendritic cells. Finally, we demonstrate that the
interleukin-6 (IL-6)-mediated inflammation is impor-
tant for the development of an effective humoral
response against influenza virus in the draining LN.
INTRODUCTION

While contained inflammation enhances both humoral and

cellular adaptive immunity, uncontrolled or persistent inflamma-

tion has detrimental roles associated with reduced long-lived

memory cell formation and cellular exhaustion (Wherry, 2011).

Therefore, it is essential to better understand the mechanisms

that lead to the initiation of the inflammatory response following

vaccination.

Among the different types of inflammatorymolecules, type I in-

terferons (IFNs) are critical for the effective initiation of the inflam-

matory response and the generation of an antiviral state (Gabay

and Kushner, 1999). Additionally, they are also involved in the

activation of various immune cells such as dendritic cells (DCs)

and natural killer (NK) cells (Madera et al., 2016). In a previous
Cell Re
This is an open access article under the CC BY-N
study, we showed that lymph node macrophages (LNMs) are

one of themajor producers of type I IFNs at early times post influ-

enza vaccination. This mechanism is essential for the activation

of DCs and the regulation of the local humoral responses (Chat-

ziandreou et al., 2017). In addition, LNMs activate other innate

immune cells involved in the inflammatory process, such as NK

cells (Garcia et al., 2012).

NK cells play an important role in eliminating stressed and in-

fected cells without the need for prior sensitization (Vivier et al.,

2008). Moreover, they can directly recognize influenza virus via

receptor NKp46 (Mendelson et al., 2010). The absence of

NKp46 results in increasedmortality, highlighting the importance

of NK cell functions during influenza infection (Gazit et al., 2006).

Previous studies have stressed the role of NK cells as one of the

major producers of type II IFNs contributing to the activation of

T cells (Martı́n-Fontecha et al., 2004), macrophages (Mosser

and Edwards, 2008), DCs (Gerosa et al., 2002), and B cells

(Wilder et al., 1996). Despite the fact that NK cells have been

widely studied in various tissue and disease models, their role

in response to vaccination needs to be investigated.

RESULTS

NK Cells Are Recruited to the LN and Undergo Type I
IFN-Dependent Activation
To assess the involvement of NK cells in response to influenza

vaccination at early time points (0–24 h post vaccination; p.v.),

we investigated their recruitment to the draining LN after footpad

injection of ultraviolet inactivated influenza virus (UVPR8). We

observed a significant increase of total NK (Figure 1A) and

CD69+ and GranzymeB+ NK cell numbers (Figure 1B) at 12

and 24 h p.v., which correlated with an increase in their fluores-

cence intensity (Figure 1C). To assess NK cell recruitment, we

performed intravital two-photon microscopy (IV-2PM) in combi-

nation with epifluorescence time-lapse microscopy using Ncr1-

GFP mice (Gazit et al., 2006). We observed that NK cells were
ports 26, 2307–2315, February 26, 2019 ª 2019 The Authors. 2307
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. NK Cells Get Recruited to the Popliteal Lymph Node at Early Times after Influenza Vaccination and Are Activated by Type I IFNs

(A and B) Flow cytometry showing total NK (A) and CD69+ and GranzymeB+ NK cell numbers (B) in the lymph node (LN) following vaccination at indicated time

points.

(C) Representative histograms of fluorescence intensity showing upregulation of CD69 and GranzymeB at 12 h post vaccination (p.v.) in comparison with non-

vaccinated controls. Median fluorescence intensity (MFI) values are indicated in parentheses.

(D) Snapshot from an epifluorescence time lapse (left) and two-photon microscopy (right) showing recruitment of NK cells (green) via blood vessels located in the

interfollicular area (IFA) of the LN at 12 h p.v.

(E) Confocal micrographs showing recruitment of NK cells in the IFA of LN from control (left) and vaccinated at 12 h p.v. (middle). The right graph shows the

quantification of the frequency of NK cell density in the medullary (Med), IFA, cortex, follicle (Fo), and subcapsular sinus (SCS) areas of the LN at indicated time

points.

(F) Flow cytometry showing frequency of CD69+ and GranzymeB+ NK cells after 12 h culture with UVPR8 and/or recombinant IFN-b compared with control

group.

(G) Representative histograms of fluorescence intensity rIFN-b-treated NK cells showing upregulation of CD69 and GranzymeB at 12 h p.v. compared to control

groups. MFIs are indicated in parentheses.

(H and I) Flow cytometry showing total CD69+ NK and GranzymeB+ NK cell numbers (H) and MFI values (I) at 12 h p.v. in LN of IFNAR�/� and B6 mice.

In all figures, the presented data are representative of at least three independent experiments. Results are given as mean ± SD. ns, not significant, p > 0.05;

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
recruited via blood vessels (Figure 1D, left; Video S1) and accu-

mulated in the interfollicular area (IFA) of the LN (Figure 1D, right).

Additionally, using immunohistochemistry, we confirmed a sig-

nificant increase of these cells in the IFA of the LN at 12 h p.v.

(Figure 1E).

Next, we assessed the mechanism by which NK cells are re-

cruited to the LN by evaluating their number in IL1R�/�, inter-
feron-a/b receptor (IFNAR)�/�, and CXCR3�/� animals. We

observed that IL1R�/�, IFNAR�/�, CXCR3�/� showed no reduc-

tion in the total number of NK cells in the LN at 12 h p.v. (Figures

S1A and S1B). However, we observed that LN macrophages

were involved in the recruitment of the NK cells as their depletion

with clodronate liposomes (CLLs) significantly reduced the num-

ber of NK cells at 12 h p.v. (Figure S1C).
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NK cells can directly recognize hemagglutinin (HA) from influ-

enza virus via receptor NKp46 (Mandelboim et al., 2001). Thus,

we tested whether influenza vaccine can directly activate NK

cells in vitro. We cultured spleen-sorted NK cells with UVPR8

and observed a partial activation at 12 h post-culture, indicated

by a significant increase of CD69+ and GranzymeB+ NK cell fre-

quency (Figure 1F). Next, we cultured NK cells in the presence or

absence of recombinant IFN-b (rIFN-b). As expected, rIFN-b

alone was enough to increase the CD69+ and GranzymeB+ NK

cell frequency (Figure 1F), alongwith their expression (Figure 1G).

Moreover, we observed that the numbers of CD69+ and

GranzymeB+ NK cells decreased significantly in IFNAR�/�

mice at 12 h p.v. (Figure 1H) in concordance with the reduced

median fluorescence intensity (MFI) (Figure 1I). Finally, to



evaluate if the recruitment of activated NK cells at 12 h p.v. was

influenza specific, we designed a similar set of experiments us-

ing UV-inactivated DNA virus (vaccinia UVNYVAC-C). Interest-

ingly, we observed that the immunizationwith vaccinia promoted

a stronger NK cell recruitment at 12 h p.v. (Figure S1D). Addition-

ally, we observed a significant increase in the total number of

CD69+ and IFNg+ NK cells (Figures S1E and S1G, respectively)

but not in the MFI levels of CD69 and GranzymeB, which

were significantly reduced in animals vaccinated with vaccinia

compared with influenza (Figures S1E and S1F, respectively).

Subcapsular Sinus andMedullary Macrophages Interact
with NK Cells, Leading to Their Activation
To study the interaction between NK cells and LNMs, we per-

formed IV-2PM at 12 h p.v. on the popliteal LN of Ncr1-GFP

mice. We observed that NK cells interact with both subcapsular

sinus macrophages (SSMs; CD169+, F4/80�; Figure 2A; Video

S2) and medullary macrophages (MMs; CD169+, F4/80+; Fig-

ure 2B, Video S2). To further evaluate these interactions, we

analyzed NK cell motion tracks in different regions of the LN.

We found that the preferential direction of NK cells was higher

in the IFA and the medulla compared to the subcapsular sinus

area (SCS; Figure 2C). Moreover, NK cells moved slower in the

medulla and SCS in comparison to the IFA, as indicated by the

reduction in their mean track speed (Figure 2D). Analysis of

the arrest coefficient, defined as the proportion of time in which

an NK cell moves slower than 2 mm/min, demonstrated that NK

cells arrested at a significantly higher rate in the medulla

compared to the SCS and the IFA (Figure 2E). To evaluate the

ability of LNMs to stimulate and activate NK cells in vivo, we elim-

inated LNMs by treatment with CLLs and analyzed the expres-

sion of CD11b by NK cells, as a marker of their maturation

(Kim et al., 2002). We observed that CLL-treated mice had a

significantly lower frequency of mature NK cells at 12 h p.v. in

comparison to the CLL-untreated group (Figure 2F). In addition,

the MFI levels of CD69 and GranzymeB in NK cells were signifi-

cantly reduced in the CLL-treated group compared to control

groups (Figure 2G), confirming the involvement of LNMs in NK

cell activation.

Involvement of NK Cells in the Early Inflammatory
Reaction Initiated by LNMs
Considering that NK cells are known to be one of the key players

in the type II IFN response (Vivier et al., 2008), we evaluated their

production of IFNg following influenza vaccination. The analysis

of LN extracts from the first 24 h following vaccination showed a

prominent peak in IFNg levels at 12 h p.v., followed by a striking

reduction at 24 h p.v. (Figure 3A). We observed that the number

IFNg+ NK cells peaked at 12 h p.v. (Figure 3B), correlating with

their frequency (Figure 3C). Moreover, we confirmed that NK

cells were the major producers of IFNg at this time (Figures

S2A and S2B) and pre-treatment with the aNK1.1 significantly

lowered the IFNg levels in the LN (Figure 3D). In addition,

confocal microscopy revealed that IFNg+ NK cells were located

in the IFA of the LN at 12 h p.v. (Figure 3E). Having identified the

effect of LNMs on NK cell activation, we observed a close inter-

action between IFNg+ cells and CD169+ macrophages at

12 h p.v. using IV-2PM imaging (Figure 3F). We assessed the
involvement of LNMs in NK cell production of IFNg by depleting

LNMs with CLLs. We detected a significant decrease in IFNg+

NK cell numbers in animals lacking LNMs (Figure 3G), which

correlated with a significant reduction of secreted IFNg at

12 h p.v. (Figure 3H). We further evaluated the effect of IFNAR

on the production of IFNg by NK cells. We found that the total

number of IFNg+ NK cells (Figure 3I) and their MFI (Figure 3J)

were significantly reduced in IFNAR�/� mice compared to the

control group. To further evaluate the role of NK cells in the in-

duction of the inflammatory response, we performed real-time

PCR on samples obtained from mice depleted of NK cells in

comparison to the control group. We observed that the tran-

scription levels of the inflammatory mediators IFNg and IL-6

were significantly elevated at 12 h p.v. in comparison to PBS

controls and NK-cell-depleted mice (Figures 3K and 3L). In

contrast, IL-18 and IL-1b levels were increased in mice lacking

NK cells (Figures 3M and 3N).

Early IFNg Secreted by NK Cells Is Important for the
Local Production of IL-6 in the Draining LN
To confirm that the reduction of IL-6 transcripts correlated with

its protein level, we measured the concentration of IL-6 in NK-

cell-depleted mice in comparison to the control group. We

confirmed that the absence of NK cells significantly reduced

the levels of IL-6 in the draining LN (Figure 4A). Interestingly,

we observed that the reduction of IL-6 was dependent on IFNg

(Figure 4A). Having shown the effects of LNMs and type I IFNs

on the regulation of IFNg production by NK cells, we examined

the levels of IL-6 in CD169DTR and IFNAR�/� mice at 12 h p.v.

We observed a prominent reduction in the levels of IL-6 (Fig-

ure 4B) in animals lacking LNMs or type I IFN signaling. More-

over, in concordance with earlier studies (Hunter and Jones,

2015), we found that IL-6 production was dependent on

MyD88 signaling, as MyD88�/� mice exhibited a complete

reduction in secreted IL-6 at 12 h p.v. (Figure 4C). Using flow cy-

tometry, we identifiedCD11b+DCs as themajor source of IL-6 at

12 h p.v. (Figures 4D and 4E). To investigate whether IFNg pro-

duced by NK cells is involved either in the proliferation or recruit-

ment of CD11b+ DCs, we checked their Ki-67 expression in the

presence or absence of NK cells at 12 h p.v. The absence of NK

cells did not affect DC proliferation (Figure S3A). However, we

measured a significant decrease in the number of IL-6+

CD11b+ DCs when we eliminated NK cells or blocked IFNg

signaling (Figures 4F and 4G, respectively). Additionally, we

could observe a decrease in the levels of different chemokines

known to be involved in the recruitment of DC precursors to

the LN (Figures S3B–S3D). Furthermore, to evaluate the capacity

of IFNg to directly stimulate IL-6 production by CD11b+ DCs, we

sorted CD11b+ splenic DCs and stimulated them with recombi-

nant IFNg or lipopolysaccharides (LPS) for 12 h. We saw that

IFNg could directly act on CD11b+ DCs to induce IL-6 secretion

(Figure S3E).

IL-6 Production Regulates Humoral Immunity in the
Draining LN
To determine whether additional production of IL-6 occurs at

later time points p.v., we examined the kinetics of IL-6 secretion

in the LN in response to UVPR8. We observed that the peaks of
Cell Reports 26, 2307–2315, February 26, 2019 2309
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Figure 2. Subcapsular Sinus and Medullary Macrophages Interact Differently with NK, Leading to Their Activation

(A and B) Representative intravital two-photon micrograph showing close interactions between infiltrated NK cells with subcapsular sinus macrophages (SSMs)

(CD169-PE) (A) and medullary macrophages (MMs; CD169-PE, F4/80-AF647) (B) in the LN at 12 h p.v. Central panels represent the magnified dotted box. Right

panels demonstrated surface reconstruction of the zoomed images.

(C) Graphical representation of tracks with common origin showing preferential direction of NK cells in the interfollicular (IFA), medullary, and subcapsular sinus

area (SCS).

(D and E) Representative graphs showing track speed mean (D) and arrest coefficient (E) of NK cells in the indicated regions of the LN at 12 h p.v.

(F) Flow cytometric analysis of the frequency of CD11b+ and CD11b� NK cells at 12 h p.v. in mice treated with/without CLLs compared with PBS controls.

(G) Flow cytometric quantification of CD69+ and GranzymeB+ NK cells at 12 h p.v. in mice treated with/without CLLs compared with PBS controls.

In all figures, the presented data are representative of at least three independent experiments. Results are given as mean ± SD. ns, p > 0.05; *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001.
IL-6 and IFNg occur within the first 24 h p.v. (Figures 5A and 5B,

respectively). Previous studies have demonstrated that IL-6 af-

fects B cell responses (Eto et al., 2011). Therefore, to examine

the involvement of IL-6 in the regulation of the local humoral re-

sponses to influenza vaccine, we neutralized the initial IL-6

production by administrating aIL-6 antibodies at the time of

vaccination. Using enzyme-linked immunospot assay (ELISPOT)

analysis, we observed a significant reduction in the number of
2310 Cell Reports 26, 2307–2315, February 26, 2019
influenza-specific antibody-secreting cells (ASCs) in the draining

LN at day 10 p.v. in IL-6-neutralized mice compared to untreated

controls (Figure 5C). Next, we tested whether the elimination of

NK cells or the absence of the interferon-g (IFNgR) would result

in a reduction of the local B cell responses to the virus. ELISPOT

analysis confirmed that the number of influenza-specific ASCs

were significantly reduced in both cases, compared to the

respective control groups (Figures 5D and 5E). Having validated
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Figure 3. Early Production of IFNg by NK Cells Is Dependent on the Type I IFN Response Initiated by LNMs

(A) ELISA showing IFNg in the LN at indicated time points p.v.

(B and C) Flow cytometric analysis of total IFNg+ NK cell numbers (B) and representative plots showing frequency of IFNg+ NK cells (C) at indicated time

points p.v.

(D) Cytoplex indicating IFNg in LN of aNK1.1-treated mice and control groups at 12 h p.v.

(E) Representative confocal micrograph of popliteal LN at 12 h p.v. (middle) showing IFNg+ cells (yellow), NK1.1+ cells (red), and IFNg-producing NK cells (merge)

located in the interfollicular area (IFA) of the LN. The left panel represent the control group, and the right panel indicates the zoomed area. Arrows indicate IFNg+

NK cells at 12 h p.v.

(F) Representative micrograph (left) and amplification (right) showing close interactions between IFNg+ cells and LNmacrophages (CD169-PE) at 12 h p.v. White

arrows indicate IFNg+ cells.

(G) Flow cytometry showing IFNg+ NK total numbers at 12 h p.v. in CLL-treated mice with respect to the control group.

(H) Cytoplex showing a reduction of IFNg levels in LN of CLL-treated mice at 12 h p.v. compared to control groups.

(legend continued on next page)
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(A) Cytoplex analysis of IL-6 in popliteal LN from anti-NK1.1-treated and anti-IFNg-treated mice compared to the control group at 12 h p.v.

(B and C) Cytoplex analysis of IL-6 in popliteal LN CD169DTR, IFNAR�/� (B), and MyD88�/� (C) mice compared to the control group at 12 h p.v.

(D) Representative flow cytometry indicating IL-6 production of CD11b+ DCs and CD8+ DCs at 12 h p.v. compared to control.

(E) Flow cytometry showing the frequency of the IL-6+ cells in the LN.

(F and G) Flow cytometry indicating IL-6+ DC numbers at 12 h p.v. in LN of IFNgR�/� (F) and anti-NK1.1-treated mice (G).

In all figures, the presented data are representative of at least three independent experiments. Results are given as mean ± SD. ns, p > 0.05; *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001.
the importance of IFNg and IL-6 in driving influenza-specific hu-

moral response, we investigated whether immunoglobulin G

(IgG) ASC reduction was due to impairment in B cell develop-

ment. We found that, while the level of IgG antibodies was

reduced, germinal center and plasma cell numbers were not

altered using neutralizing antibody treatments or when the type

II IFN signaling was blocked (IFNgR�/�) at 12 h p.v. (Figures

S4A and S4B).

DISCUSSION

In this study, we revealed that following influenza vaccination,

NK cells are preferentially located at the interfollicular and med-

ullary regions of the LN, which is in accordance with a previous

report (Bajénoff et al., 2006). Additionally, we demonstrated

that NK cell recruitment was independent of CXCR3 and depen-

dent on the presence LNMs. We also demonstrated that neither

type I IFNs nor IL-1a, produced by LNMs after vaccination (Chat-

ziandreou et al., 2017), were involved in the initial recruitment of
(I and J) Flow cytometry of IFNg+ NK total numbers (I) and MFI values (J) in IFNA

(K–N) Quantitative real-time PCR analysis of cDNA from LN of mice treated with/

inflammatory molecules IFNg (K), IL-6 (L), IL-18 (M), and IL-1b (N).

In all figures, the presented data are representative of at least three independent e

****p < 0.0001.
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NK cells. It is possible that the release of other danger signals

after the necrotic death of the LNMs (Chatziandreou et al.,

2017) could be involved in the recruitment of NK cells. Former

studies outlined that the activation of NK cells was associated

with their interaction with SSMs (Coombes et al., 2012; Garcia

et al., 2012). We show that MMs also interact with NK cells, form-

ing stable contacts in the medullary area. Considering the role of

type I IFNs on the functions of NK cells (Madera et al., 2016), we

confirmed that IFN signaling was necessary for the effective acti-

vation of NK cells. In a previous work, we reported that LNMs are

responsible for the initial production of type I IFNs following influ-

enza vaccination (Chatziandreou et al., 2017), which could

explain the close interactions of NK cells with the LNMs in these

areas. We also saw that recruitment of NK cells in the IFA,

together with their high speed, correlates with the presence of

IFNg+ cells in this region. In fact, we have formerly shown that

IFA are one of themajor sites for type I IFN production (Chatzian-

dreou et al., 2017). NK cells require several cytokines for full

maturation and to perform their effector functions (Brady et al.,
R�/� and control mice at 12 h p.v.

without anti NK1.1 compared to controls at 12 h p.v. testing the expression of

xperiments. Results are given as mean ± SD. ns, p > 0.05; *p < 0.05; **p < 0.01;
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Figure 5. NK-Regulated IL-6 Production Is

Involved in the Humoral Response against

Influenza Vaccine

(A and B) Time course showing the secreted levels

of the cytokines IL-6 (A) and IFNg (B) in the LN at 2,

6, 12, 24, 48, 72, 120, and 168 h p.v.

(C–E) ELISPOT analysis of IgG antibody-secreting

cells (ASCs) from UVPR8-vaccinated, aIL-6-

treated (C), aNK1.1-treated (D), and IFNgR�/�-
treated and aIFNg-treated (E) mice at 10 days p.v.

In all figures, the presented data are representative

of at least three independent experiments. Results

are given as mean ± SD. ns, p > 0.05; *p < 0.05;

**p < 0.01; ****p < 0.0001.
2010). The decrease of NK cell maturation, activation, and pro-

duction of IFNg observed in the interferon-a/b receptor knockout

(IFNARKO)mice could be associatedwith the early production of

this cytokine by the LNMs. However, we cannot exclude the

contribution of other type-I-IFN-producing cells or alternative

factors that might affect NK cell effector functions.

It wasdemonstrated that innateCD8+Tcells are themajor pro-

ducers of early IFNg after administration of modified vaccinia vi-

rus (MVA) in the LN (Kastenm€uller et al., 2012). However, we

showed that following influenza vaccination, early production of

IFNg was mediated by NK cells. The observed discrepancy is

most likely related to the typeof pathogenstudied, since vaccina-

tion with another attenuated vaccinia virus (NYVAC-C) showed

that the magnitude of NK cell recruitment and their effector func-

tions were different in both models. Further, MVA was shown to

activate the inflammasome pathway, yet we could not detect

the expression of inflammasome-associated molecules in our

model. Interestingly, depletion of NK cells resulted in increased

transcription of IL-18 and IL-1b, which might be related with the

absence of IFNg as it was previously shown that IFNg promotes

the production of nitric oxide (NO) that prevents inflammasome

assembly (Mao et al., 2013; Mishra et al., 2013).

Previous studies have described that IFNg produced by NK

cells is essential for Th1 differentiation (Martı́n-Fontecha et al.,

2004). Prior to differentiation, CD4+ T cells need to be primed

by DCs in amulti-step process that requires at least a day (Mem-

pel et al., 2004). Although we observed an earlier release of IFNg

at 2 h p.v., the peak of IFNg secretion occurred at 12 h p.v.;

therefore, we discarded involvement of early IFNg in Th1 differ-

entiation. Instead, IFNg is also known to regulate the production

of various pro-inflammatory mediators, including tumor necrosis

factor alpha (TNF-a) (Donnelly et al., 1995), IL-12 (Libraty et al.,

1997), and IL-6 (Yi et al., 1996). In fact, the peaks of IFNg and
Cell Repo
IL-6 secretion coincided, and both tran-

script and protein levels of IL-6 were

reduced in mice lacking NK cells. Further,

the 2 h IFNg release also correlated with

the presence of IL-6, confirming the inter-

dependence of the two cytokines. Impor-

tantly, neutralization of IFNg resulted in

decreased IL-6 secretion. It is important

to mention that a prominent decrease

in IL-6 levels observed in mice lacking
type I IFN receptors or LNMs suggests the presence of additional

factors in its regulation besides NK-cell-secreted IFNg. Among

the various types of IL-6-producing cells (Hunter and Jones,

2015), we revealed that CD11b+ DCs were the major source of

this cytokine at 12 h p.v. Moreover, we confirmed that IFNg

can act directly on a CD11b+ DC population to induce the secre-

tion of IL-6, as well as contributing to their recruitment. Also, in

accordance with previous studies (Naugler et al., 2007), the pro-

duction of IL-6 was dependent on viral recognition by Toll-like

receptors, as the absence of MyD88 signaling abolished its

secretion. Interestingly, we show that the lack of NK cells or

IFNg reduced the total number of IL-6-producing DCs, which

could be associated with poor monocyte differentiation into

DCs caused by the absence of IFNg (Goldszmid et al., 2012).

Moreover, proliferation of IL-6+ DCs was not affected by the

absence of NK cells, suggesting that the decrease is also not

related with the proliferative capacity of DCs. In fact, it is known

that IFNg is essential for DC homeostasis and activation (Akbar

et al., 1996). Therefore, it is possible that NK cell depletion af-

fects the reciprocal interactions between DCs and NK cells

required for DC homeostasis (Gerosa et al., 2002), leading to

the observed reduction in the number of DCs. Along this line,

depletion of NK cells resulted in decreased levels of macrophage

inflammatory protein (MIP)-1a, which is known to affect CD8a�
CD11b+ DC maturation and activation in the LN (Bachmann

et al., 2006; Trifilo and Lane, 2004). Hence, it is probable that

NK cells are involved in activating DCs for IL-6 production along

with their maintenance in the LN at 12 h post influenza

vaccination.

We showed that the initial inflammatory peak directly affects

the humoral response to influenza virus, as blocking IL-6

reduced influenza-specific ASCs in the draining LN. The mecha-

nism by which IL-6 might influence this response is most likely
rts 26, 2307–2315, February 26, 2019 2313



related with the regulation of the follicular helper T cells (TFH) dif-

ferentiation and B cell activity as previously described (Choi

et al., 2013; Eto et al., 2011). Further, elimination of NK cells,

hence IFNg, may skew the overall inflammatory response, which

can affect the antibody isotype class switching, leading to a

reduction in IgG levels. It should also be noted that the depletion

method used here also depletes natural killer T (NKT) cells.

Although, we have shown that NKT cells are not involved in the

initial IFNg secretion and that we do not detect the presence of

IL-4 (Chatziandreou et al., 2017) in our vaccination model, it is

possible that elimination of NKT cells affects the overall B cell re-

sponses by other means.

In this work, we show that the type I IFN response generated

by LNMs is associated with the activation of NK cells, which in

turn produce IFNg leading to the recruitment of IL-6+ CD11b+

DCs. We demonstrated that both IL-6 and type II IFNs regulate

the influenza-specific local B cell responses.
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Intracellular Fixation & Permeabilization Buffer Set eBioscience Cat# 88-8824-00
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IFNg RV (50-GCTGATGGCCTGATTGTCTT-30) Microsynth N/A

IL-1b FW (50-TGTTTTCCTCCTTGCCTCTG-30) Microsynth N/A

IL-1b RV (50-GCTGCCTAATGTCCCCTG-30) Microsynth N/A

GAPDH FW (50-ACATCATCCCTGCATCCACT-30) Microsynth N/A

GAPDH RV (50-AGATCCACGACGGACACATT-30) Microsynth N/A

Software and Algorithms

FlowJo software (TriStar , version 10.1) https://www.flowjo.com/ RRID:SCR_008520

FIJI software (Schindelin et al., 2012, version 1.48k) https://fiji.sc/ RRID:SCR_002285

Imaris software (Bitplane, version 8.4.2) http://www.bitplane.com/ RRID:SCR_007370
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

LEGENDPlex software (Biolegend, version 7.0) https://www.biolegend.com/

legendplex/software

N/A

Prism software (GraphPad, version 4) https://www.graphpad.com/

scientific-software/prism/

RRID:SCR_002798

Adobe Illustrator (CC2018) https://www.adobe.com/ RRID:SCR_014198
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Santiago F. Gonzalez (santiago.gonzalez@irb.usi.ch).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Mice were bred in house or acquired from Janvier labs (C57BL/6). The following transgenic strains were used: IFNAR�/� (M€uller et al.,

1994), CD169DTR (Miyake et al., 2007), IFNgR�/� (Huang et al., 1993), Ncr1-GFP (Gazit et al., 2006), OT-II TCR (Barnden et al., 1998).

IL-1R�/� (Glaccum et al., 1997), CXCR3�/� (Hancock et al., 2000). All strains hadC56BL/6 background. For all the experiments young

and healthy female mice between 5-7 weeks of age were used. Mice were maintained in specific pathogen-free facilities at the IRB.

Experiments were performed in accordance with the Swiss Federal Veterinary Office guidelines and animal protocols were approved

by the local authorities.

In vitro NK cell culture and IFN-b stimulation
NK cells were sorted by FACSAria as CD3- NK1.1+ cells from spleens of C57BL/6 female mice and cultured at 5x105 cells/ml in com-

plete RPMI with/without rIFN-b 25 pg/well and/or UV-PR8 104 PFU/well in 96-well round bottom plates. 12 h later NK cells were sur-

face and intracellular labeled for FACS analysis.

In vitro CD11b+ DC culture and IFNg stimulation
Splenic CD11c+ DC were purified by magnetic cell separation according to manufacturer’s instructions (Miltenyi Biotec). Pre-en-

riched cells were sorted by FACSAria as CD11c+ MHC-II+ CD11b+ cells and 5x105 splenic CD11b+ DC were plated/well into a

96-well plate in complete RPMI alone or with recombinant IFNg (rIFNg) (10 mg/ml) or LPS (200 ng/ml) for 12 h. The supernatant

was then taken and analyzed for cytokine production.

METHOD DETAILS

Virus production, inactivation and labeling
Influenza virus strain A/PR/8/34 and vaccinia virus strain NYVAC-C (Gómez et al., 2007) were used in this study. Influenza virus was

grown for 2 days in the allantoic cavity of 10-day embryonated chicken eggs. In order to remove cellular debris, allantoic fluid was

harvested and centrifuged at 3000 rpm for 30 min and virus was subsequently purified twice in a discontinuous sucrose gradient at

25,000 rpm for 90 min. The virus pellet was resuspended in PBS and aliquots were stored at �70�C. Virus stocks were quantified by

plaque assays. The vaccinia virus NYVAC-C, provided by Prof. Mariano Esteban, (CNB,Madrid). To inactivate both viruses, viral sus-

pensions were placed under the UV lamp at a distance of 15 cm for 15min. For the labeling of UV-inactivated influenza virus, 50 mg/ml

of DiD was added to the viral suspension and incubated for 20 min at RT. After that, virus was subsequently purified by centrifugation

as mentioned before. DiD-UV-inactivated virus aliquots were stored at �70�C.

Antigen administration and injections
106 plaque-forming units (PFU) of inactivated virus per footpad in a final volume of 10 mL were injected into anaesthetized mice at

different time points prior to LN collection. For macrophage depletion, mice were injected with 10 ml/footpad of CLL or PBS-contain-

ing liposomes (control) (Clodronateliposomes.org) at days 5 and 3 before vaccination. Macrophage depletion from CD169DTR mice

was established by intraperitoneal (i.p.) injection of 30 ng of diphtheria toxin (Sigma-Aldrich) per g of mouse a day before vaccination.

For NK cell depletion 300 mg of aNK1.1 (clone PK136; BioXCell) was administered i.p. (day-3) and intravenously (i.v.) (day-1) before

vaccine administration. IFNg blocking was performed by i.v. injection of 200 mg of aIFNg (clone XMG1.2, BioXCell) at the time of

vaccination. 4 h after vaccination 70 mg / footpad of aIFNgwas administered in a total volume of 10 ml. aIL-6 (clone ALF-161, BioXCell)

was administered i.v. at a dose of 200 mg/mice, as well as footpad at 120 mg/mice, at the time of vaccination. For in vivo labeling of
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cells, mice received 1 mg of fluorescently labeled aCD21/35, aF4/80 and aCD169/footpad (Biolegend), 3 to 5 h before image

acquisition.

Flow cytometry
Popliteal LNs were collected, disrupted with tweezers, and digested for 10 min at 37�C in an enzyme mix composed of DNase I

(0.28 mg/ml, Amresco), dispase (1 U/mL, Corning), and collagenase P (0.5 mg/mL, Roche) in calcium- and magnesium-free PBS

(PBS-) followed by a stop solution composed of 2 mM EDTA (Sigma-Aldrich) and 2% heat-inactivated filter-sterilized fetal calf serum

(Thermo Fisher Scientific) in PBS- (Sigma-Aldrich). Fc receptors were blocked (aCD16/32, Biolegend) followed by surface staining

and analyzed by flow cytometry on an LSRFortessaTM (BD Biosciences). Where indicated, intracellular and/or nuclear staining

was performed according to the instructions (#88/8824/00, eBioscience, #00-5523-00, eBioscience). Dead cells were excluded us-

ing ZombieAcqua fixable viability dye (Biolegend) and data were analyzed using FlowJo software (TriStar Inc).

Immunohistology/microscopy
Mice were anesthetized with a mixture of ketamine (100mg/kg bodyweight, Parke Davis) and xylazine (10mg/kg bodyweight, Bayer)

and perfused with a fixative solution made of 10 mL of 0.05 M phosphate buffer containing 0.1 M L-lysine, 4% paraformaldehyde

(PFA), and 2 mg/mL NaIO4 at pH 7.4 (PLP). Popliteal LN were collected and further fixed in 4% PFA at 4�C shaking for 4-6 h and

embedded in 5% low gelling agarose (Sigma-Aldrich). 50-100 mm sections were cut with Leica VT 1200S vibratome (Leica Microsys-

tems), blocked with proper sera and stained with the indicated antibodies in 0.05% Tween-20 in 0.5%BSA PBS- for two days at 4�C
shaking (see antibody section). Immunofluorescence confocal microscopy was performed using a Leica TCS SP5 confocal micro-

scope (Leica Microsystems). Micrographs were acquired in sequential scans and merged to obtain a multicolor image. Images were

processed using Imaris software (Bitplane AG).

Cytoplex assay
LEGENDPlexTM assays (Mouse Proinflammatory Chemokine Panel and Mouse Inflammation Panel; Biolegend) were performed to

monitor cytokine/chemokine expression. Briefly, popliteal LNs were collected and carefully disrupted in 100 mL ice-cold phosphate

buffer, minimizing cell rupture. The suspension was centrifuged at 1,500 rpm for 5 min, and the supernatant was collected. 25 mL

supernatant was used for the protocol following the manufacturer’s instructions. Samples were analyzed by flow cytometry on an

LSRFortessa (BD Biosciences), and data were analyzed using LEGENDPlex software (BioLegend).

ELISPOT
For enzyme-linked immuno-spot assay (ELISPOT), on day 10 p.v., popliteal LNs were removed aseptically, disrupted, and passed

through a 40-mm cell strainer. 4 x105 cells were plated on UV-PR8-coated (107 PFU/mL) filter plates (MultiScreenHTS, Merck Milli-

pore) and incubated for 16 h at 37�C. For detection, a biotin-conjugated aIgG was used, followed by avidin-Peroxidase (Sigma-

Aldrich). A developing solution consisting of 200mL 3-amino-9-ethylcarbazole (AEC) solution (Sigma-Aldrich) in 9mL sodium acetate

buffer containing 4 mL 30% H2O2 was subsequently added. Spots were read on a C.T.L. ELISPOT reader using ImmunoSpot� 5.1

software (Cellular Technology) and counted using ImageJ software.

Multiphoton microscopy and analysis
Deep tissue imaging was performed on a customized two-photon platform (TrimScope, LaVision BioTec). Two-photon probe exci-

tation and tissue second-harmonic generation (SHG) were obtained with a set of two tunable Ti:sapphire lasers (Chamaleon Ultra I,

Chamaleon Ultra II, Coherent) and an optical parametric oscillator that emits in the range of 1,010 to 1,340 nm (Cha-maleon Compact

OPO, Coherent), with output wavelength in the range of 690–1,080 nm.For the in vivo analysis of cell movement, two-photon micro-

graphs were acquired in full Z stacks of 50 mm every 30 s. To analyze NK cell motion quantitatively, manual tracking was used (Imaris

7.7.2, Bitplane). For the statistical analysis of cell migration, only track durations greater than 5 min were considered.

qPCR
Popliteal LNs were collected and disrupted in lysing matrix D 1.4-mm ceramic sphere tubes using FastPrep-24 tissue disruption (MP

Biomedicals), and RNA was isolated using an RNAeasy Mini kit (QIAGEN). A final amount of 0.5 mg of cDNA was synthesized using a

cDNA synthesis kit (Applied Biosystems) following the manufacturer’s recommendations. For qPCR reaction, SYBR Master Mix

(Applied Biosystems) was used, and samples were run on a 7900HT Fast Real-Time PCR System (Applied Biosystems). mRNA levels

were expressed relative to GAPDH expression. The Pfaffl method (Pfaffl, 2001) was used to calculate the relative expression of the

transcripts. Primers: IL-18 FW, 50-GGTTCCATGCTTTCTGGACT-30; and IL-18 RV, 50-GGCCAAGAGGAAGTGATTTG-30; IL-6 FW,

50-AGCCAGAGTCCTTCAGAG-30; IL-6 RV, 50-GGAGAGCATTGGAAATTG-30; IFNg FW, 50-GAGGAACTGGCAAAAGGATG-30; IFNg
RV, 50-GCTGATGGCCTGATTGTCTT-30 IL-1b FW, 50-TGTTTTCCTCCTTGCCTCTG-30; and IL-1b RV, 50-GCTGCCTAATGTCCC

CTG-30 GAPDH FW, 50-ACATCATCCCTGCATCCACT-30;GAPDH reverse, 50-AGATCCACGACGGACACATT-30.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
Results were expressed as the mean ± standard deviation (SD). For statistical analysis Prism 4 (Graphpad Software, La Jolla, USA)

was used. Data was represented using Prism software. Group comparisons were assessed using nonparametric tests. All statistical

tests were two-tailed and statistical significance was defined as: * (p < 0.05), ** (p < 0.01), *** (p < 0.001) **** (p < 0.0001). The number

of times each experiment was repeated, and the number of animals used per experiment, are detailed in each figure.
e5 Cell Reports 26, 2307–2315.e1–e5, February 26, 2019
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6.2. Aim 2: Study the effect of influenza immunization in the context of pre-

existing immunity 

6.2.1. Hypothesis 1 - Influence of antibody-mediated immune suppression on 

immune responses to influenza vaccination 

The discrepancies in vaccine efficacy between animal models and human studies raised a 

question about the role of pre-existing immunity on subsequent influenza vaccination. In the case 

of influenza viruses, pre-existing immunity can shape immune responses and susceptibility to 

antigenically drifted viral strains later in life. Cellular and humoral responses elicited upon viral 

exposure, such as infection or vaccination, are long-lasting. Cross-reactive pre-existing antibodies 

can exacerbate viral pathogenesis in some cases. However, they can also interfere with vaccine 

immunogenicity by reducing its effectiveness. Although several observations pointed out the 

possibility that pre-existing circulating antibodies may recognize the vaccine antigen and 

neutralize it by forming large aggregates, also called immune complexes, the mechanism behind 

this inhibition is not fully discovered.  

The phenomenon of antibody feedback regulation has been known for over a century. The 

ability of IgG to suppress the antibody responses is successfully used in clinics to prevent Rhesus 

diseases; however, the mechanisms behind the so-called antibody-mediated immune suppression 

(AMIS) is still unknown.  

Following these observations, we speculate that the major hypothesis proposed to explain 

this suppressive phenomenon in red blood cell (RBC) alloantigens might also be extended to 

proteins and viruses. Overall the impact of this study will help to design broadly-protective 

influenza vaccines that consider the influence of antibody cross-reactivity and the presence of pre-

existing immunity. 

To study this, we proposed the following sub-objectives:  

a) Develop an immunization model to study the impact of IgG anti-hemagglutinin 

(HA) pre-existing antibodies that cross-react with UV-inactivated influenza vaccine 

by forming immune complexes 

b) Study the immune complexes distribution in the dLN 
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c) Investigate the impact of antibody feedback regulation in terms of suppression of 

the cellular and humoral immunity 

d) Characterize the role of LN-resident phagocytic cells in the capture and presentation 

of immune complexes 

e) Identify the mechanism to explain IgG-mediated immune suppression. 
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ABSTRACT 

The therapeutic use of passively administered antibodies can dramatically modulate the 

humoral response to the antigen. Often it results in an enhancement of the antibody response. 

However, the suppression of the response is also a common phenomenon. This inhibitory effect 

has been named antibody-mediated immune suppression (AMIS). Although it has been 

successfully applied in clinics, the immunological mechanism behind this suppression remains 

poorly understood. In recent years, therapeutic monoclonal antibodies with broadly neutralizing 

effects against specific antigens have been widely implemented, providing a great benefit by 

successfully treating severe respiratory infection diseases, including influenza. However, the 

effects of this treatment on the endogenous primary humoral response to the virus are unknown. 

Furthermore, the presence of pre-existing circulating antibodies derived from either previous 

infection or vaccination has been demonstrated to interfere with vaccine immunogenicity.  

Immune complexes (ICs), typically formed by antibodies bound to specific antigens, have 

immunomodulatory properties that can shape the immune response. Therefore, understanding how 

persistent circulating antibodies that recognize the viral antigen-forming ICs impact humoral 

immunity is crucial for developing preventive and therapeutic novel vaccines.  

Here we reported that inducing high levels of neutralizing influenza antibodies prior to 

vaccination with UV-inactivated influenza virus forms ICs that suppress the outcome of the 

vaccination, inhibiting both the innate and adaptive responses to the vaccine. Importantly, passive 

immunization regulated the inflammatory responses by inducing a more anti-inflammatory 

phenotype in macrophages and decreasing the capturing and activation of LNDC. We concluded 

that AMIS was not dependent on FcγR or complement activation. Therefore, we hypothesized that 

alternative receptors might be involved in ICs recognition by LNDC that make them to inhibit T 

cell presentation and suppress the influenza humoral immunity. Unraveling the mechanism of IgG-

mediated immune suppression would promote the clinical use of monoclonal antibodies as 

therapeutic agents against viruses and it wiill also contribute to re-shape some vaccination 

strategies. 



INTRODUCTION 

Influenza is an acute respiratory infection caused by influenza A virus (IAV) that causes 

significant morbidity and mortality worldwide, estimating more than 600.000 deaths annually 1. 

Additionally, influenza poses a permanent global health threat as antigenic shift results in new 

viral variants with the potential to become pandemic. Seasonal vaccination represents the most 

efficient measure for prevention. Because of continuous antigenic changes in the circulating 

influenza strains, named as antigenic drift, the composition of current influenza vaccines must be 

updated annually to generate protection against the virus. This protection is mediated by the 

generation of neutralizing antibodies. The IAV hemagglutinin (HA) is a primary target of both 

strain-specific and broadly protective influenza virus antibodies. However, seasonal vaccination 

induces antibodies predominantly against the immunodominant globular head of influenza HA 

that blocks viral attachment to prevent infection 2,3. The HA-head domain immunity generates 

strain-specific, highly neutralizing antibodies; however, this domain is highly susceptible to 

influenza antigenic drift or viral mutation that allows the virus to evade existing immunity. 

Therefore, the induction of broadly neutralizing antibodies that target the HA-stalk domain is a 

promising strategy for the development of “universal” influenza virus vaccines 4,5.  

Despite the great advantage of generating memory B cell immunity after immunization, 

high levels of circulating cross-reactive antibodies would lead to a subsequent suboptimal immune 

response to the related antigen 6. Indeed, significant variations of the antibody titers elicited by the 

vaccine have been observed 7–9, with particularly poor antibody induction and impaired affinity 

maturation occurring in individuals receiving repeat vaccinations 10–13. It is proposed that pre-

existing antigen-specific antibodies caused by infection or repeated vaccination with an 

antigenically similar virus might reduce the magnitude and breadth of secondary antibody response 
14,15. Moreover, antibodies to influenza viruses can be effective therapeutically. In the past decade, 

several human monoclonal antibodies (mAbs) that target highly conserved epitopes of the 

influenza virus HA have been implemented to develop new therapeutics to prevent and treat 

influenza 4,5. The potency of antibody-based therapeutics is hihly dependent on anti-viral 

neutralization activity and on effector function. However, passive immunization with mAbs during 

early-stage infection can suppresses the primary endogenous humoral immune response 16. 



Generally, this phenomenon is known as antibody-mediated immune suppression (AMIS) 

and has been extensively characterized in other systems, such as the antibodies generated against 

red blood cell antigens 17–20. Despite several hypotheses that have been proposed to explain the 

suppressive effect of IgG, the mechanism behind the dramatic ability of IgG to suppress antibody 

responses has been elusive.  

To address this issue, we established a mouse model wherein mice were sequentially 

immunized with HA-head and –stalk mAbs followed by UV-inactivated influenza vaccination to 

evaluate the impact of IgG-immune complexes (ICs) on the humoral response to influenza 

vaccines. In the present study, we observed different degrees of suppression by using mAbs that 

target different HA-domains; however, both suppress the vaccine effectiveness. Furthermore, we 

demonstrated that IgG suppresses the development of inflammatory responses specific to viral 

recognition. 

These results will have potential impact generating new antibodies-therapies against 

infectious disease and understand the effect of repeated vaccination on antibody-affinity 

maturation, which may contribute to lower seasonal influenza vaccine effectiveness in humans. 

  



RESULTS  

Administration of anti-HA neutralizing IgG induces antibody-mediated immune 

suppression (AMIS). The effect of passively acquired anti-HA mAbs on the immunogenicity and 

efficacy of inactivated influenza vaccine was first studied. To evaluate the relationship between 

pre-existing immunity and humoral response upon influenza vaccination, we chose as a model two 

anti-HA mouse IgG mAbs, which have previously been shown to bind distinct regions of the 

influenza HA (Fig. 1A). These antibodies have strong virus-neutralizing activity and protect 

against influenza virus infection. H36-7 mAb is directed against the immunodominant globular 

head, which is strain-specific 21, while FI6 mAb targets stalk regions relatively conserved within 

each subtype 22,23.   

First, we evaluated the antigen and antibody interaction in a model in which antibodies are 

in excess to mimic the situation in which highly circulating pre-existing antibodies might influence 

post-vaccination humoral immunity (Fig. 1B). To confirm the formation of influenza-antibody  

immune complexes (ICs), transmission electron microscopy coupled to immunogold labeling was 

used. Gold label deposited on the influenza viral envelope, forming ICs, in the anti-HA specific 

mAbs compared to the isotype control (muSAC) after 1.5 h incubation at 37°C in PBS (Fig. 1C). 

Higher magnification of individual ICs clusters showed that anti-HA specific antibodies tend to 

form bigger aggregates, compared to the isotype control (Fig. 1D). This was further proved by 

quantifying the frequency of cells forming clusters in each condition. These data confirmed that 

despite the majority of the viral particles being in a monomeric form, the addition of anti-HA mAbs 

to form ICs generated a higher amount of clusters made of 2 or more cells (Fig. 1E). Thus, these 

results suggested that the size of the ICs might affect the draining of the antigen and the distribution 

into the organs.  

To further characterize the interaction between H36-7 and FI6 with their target antigen, we 

performed surface plasmon resonance (SPR) assays, and we calculated the binding affinity of H36-

7 to HA, which was KD = 130 pM. The association and dissociation kinetic constants (ka and kd) 

were 3.3 x 105 M−1·s−1 and 4.0 x 10-5·s−1, respectively (Fig.1F, top panel). We also determined the 

kinetic parameters of the binding between FI6 and HA. The kinetic analysis showed the binding 

affinity of KD = 25 pM for FI6. The KD value of FI6 was approximately 5 times smaller than those 

of the H36-7, suggesting that FI6 has a higher affinity for HA as a lower concentration of antibody 



is needed to bind 50% of the antigen (Fig. 1F, bottom panel). When the association kinetic 

constant was compared among H36-7 and FI6, the ka of H36-7 was roughly 25-times larger than 

those of FI6. Those results demonstrated that the H36-7 exhibits a cumulative stronger binding 

activity of HA compared to FI6. However, the binding of FI6 required a longer time to be removed 

from the target antigen. These results proved that FI6 has high avidity with an extremely slow 

dissociation rate (kd).  

Prophylactic administration of anti-HA IgG antibodies promotes antibody-

dependent immune suppression in influenza vaccination. To study the effect of IgG antibody 

treatment on the antibody response against influenza vaccine, we developed a passive 

immunization protocol following the experimental set-up described in Figure 2A. In this work, 

we observed that a single-monoclonal HA antibody administration was suppressing the influenza-

specific immune response (e.g., AMIS) using the mouse model of UV-inactivated PR8 

immunization. Mice were subcutaneously injected with 5 µg of anti-HA mAbs (H36-7 or FI6) or 

the corresponding isotype control (muSAC) 2 h before injection with UV-inactivated PR8 virus in 

the footpad. Samples were collected 12 h after immunization to evaluate innate response or 10 

days post-immunization (p.i.) to study adaptive responses.  

First, we evaluated the anti-influenza responses in the sera of passively immunized mice. 

All the HA mAbs significantly suppressed the IgM antibody response to the PR8 antigen at day 7 

p.i. (Fig. 2B, left panel). Although anti-head H36-7 mAb induced complete suppression of the IgG 

response, only incomplete suppression was observed with anti-stalk FI6 mAb after passive 

immunization (Fig. 2B, right panel). In addition to the suppression of the systemic antibody 

response (Fig. 2B), IgG mAbs were confirmed to significantly reduce the local influenza-specific 

antibody response in the draining LN (Fig. 2C). Similarly, anti-influenza IgM and IgG ASC 

responses were reduced in passively immunized mice at day 10 p.i. (Fig. 2D). Overall, the anti-

head antibody observed a significantly better AMIS effect on the humoral immunity suppression 

than the anti-stalk antibodies (Fig. 2B-D).  

In addition to serological responses, we investigated whether primarily stimulated pre-

existing memory B cells, leading to a wave of circulating antibody-secreting plasmablasts, 

contribute to the germinal center (GC) reactions in the draining LN. The response of GC was 

evaluated by flow cytometry on day 10 p.i.. A representative gating strategy from one of three 



experiments is shown in Figure 2. In general, cells were first gated as CD45+ (Fig. 2E) and then, 

using CD19 and B220 as markers, split into CD19+B220+ B cells (Fig. 2F) and CD19+/low 

B220low B cells (Fig. 2G). From these two populations, GC B cells (CD19+B220+GL7+) and 

plasma cells (CD19+/low B220low CD138+) were gated (Fig. 2H-I). Non-GC B cell gating was 

used to identify FDCs population in the LN as Lin-CD21+CD35+ (Fig. 2L). In mice pre-

immunized with anti-HA mAbs, no significant differences in CD45+ or CD19+B220+ total cells 

were observed (Fig. 2E-F). However, in mice transfused with IgG-anti HA before exposure to the 

specific antigen, neither the GC nor the plasma cell population was increased (Fig. 2H-I). 

Moreover, IgG anti-head H36-7 suppresses the generation of GC and plasma cells to a lower level 

than the anti-stalk counterpart (Fig. 2H-I). In addition, in the non-GC population, we observed an 

increase in the FDCs numbers (Fig. 2L). As suggested by other studies, FDCs bind to ICs and can 

deliver inhibitory signals to immune cells, to regulate GC formation and manteinance 24. These 

results support the hypothesis that seasonal vaccination inducing predominantly globular head 

antibodies with superior neutralizing activity compared to anti-stalk antibodies might be 

responsible for inhibiting the humoral immunity after vaccine immunization. 

Anti-HA head mAb prevents macrophage disappearance and suppresses the 

inflammatory responses to influenza vaccination. To better characterize the dynamics of ICs 

deposition, we performed three-dimensional microscopy of the draining LN from mice expressing 

CX3CR1–green fluorescent protein (GFP) at 12 h p.i. (Fig. 3A). By quantifying the presence of 

UV-PR8 ICs as the mean fluorescence intensity of the DID signal, we observed that ICs were 

distributed homogeneously in the different areas of the LN with a preferential accumulation in the 

medullary regions (Fig. 3B).  

UV-inactivated influenza virus recognition triggers a variety of signaling pathways that 

result in inflammation. In a previous study, we observed that the death of LN macrophages initiates 

a potent inflammatory response essential to sustaining humoral immunity 25,26. Although during 

vaccination, macrophage subsets are strongly reduced, we found that passive immunization with 

IgG antibody against sialic acid (SA) binding site of PR8 HA, prevented both subscapular and 

medullary sinus macrophages disappearance (Fig. 3C). Both the absolute numbers of and the 

frequencies of SSM and MM subsets were significantly higher in the H36-7 IC immunized mice 

compared to the FI6 or the isotype control at 12 h p.i. (Fig. 3D-E). This suggested that HA-SA 

interaction is required for viral entry and to trigger the early inflammatory cascade. 



Therefore, we evaluated the effects of passive immunization on inflammation to study the 

reasons behind impaired humoral immunity. Our results confirmed that pre-treatment with H36-7 

antibody hampered the inflammatory reaction against influenza vaccine. Hence, we correlated this 

to the decreased expression of pro-inflammatory molecules, such as both Type I and Type II IFN 

response, IL-1α, TNF-α and many of the inflammatory chemokines involved in the initial viral 

recognition and immune cells activation (Fig. 3F). Similarly, the anti-stalk FI6 antibody is 

reducing but to a lower extent the total inflammatory milieu in the draining LN (Fig. 3F). Yet the 

data summarised above show that while ICs is not affecting the antigen arrival, it is thereby 

reducing any pro-inflammatory stimulus that is essential for triggering adaptive immune 

responses. 

Role of macrophages and inflammation in antibody-mediated immune suppression. 

Antigen opsonization with IgG antibodies leads to multiple interactions between ICs and immune 

cells, which express the receptors for the Fc portion of IgG (FcγRs) 27. The immunomodulatory 

effects of ICs are typically attributed to the Fc fragment; therefore, to characterize the Fc receptor 

engagement by ICs, we compared the number of IgG and IgM ASC in FcγR-deficient mice 

(FcγRKO) following vaccination with influenza. Mice lacking the Fcγ receptors significantly 

suppressed PR8-specific memory B-cell activity after passive immunization with the H36-7 and 

FI6 antibodies, as reflected by the reduced number of anti-PR8 ASC observed in the LN at day 10 

p.i. (Fig. 4A). As antibodies can also fix complement, providing a potential regulatory mechanism 

independent of FcγRs, we tested the antibody responses against the influenza vaccine in mice 

deficient in complement component 3 (C3). Like FcγR knockouts, C3 knockout mice that were 

passively immunized with the antibody H36-7, showed significantly reduced  ASC levels 

compared to non-immunized controls. Furthermore, the reduction was similar to that observed in 

WT mice (Fig. 4A). Therefore, ICs suppressive activity on PR8-specific memory B cells cannot 

be inferred from FcγRs or C3, since the knockouts of both receptors did not recover the anti-PR8 

ASC formation.  

Although FcγR cross-linking alone is not an efficient suppressor of antibody response, the 

alternative mechanisms of ICs phagocytosis can profoundly affect cytokines produced in response 

to pattern recognition receptor activation. Therefore, to quantify ICs uptake, we measured by flow 

cytometry the ICs phagocytosis as an expression of UV-PR8-AF647+ signals in the total CD45+ 

population. We observed a significant downregulation of the total internalization by CD45+ cells 



in the H36-7 IC group compared to the isotype control, which was lower for the FI6 IC group (Fig. 

4B). Within the total leukocytes, phagocytic cells such as LN-macrophages and DCs, showed a 

decreased antigen internalization at 12 h p.i. (Fig.4C). We previously showed that following 

subcutaneous injection of ICs, most of the label accumulated in LNs is the medullary region (Fig. 

3A). However, in H36-7 pre-treated mice, we found a prominent downregulation in the IC-

captured by LN-resident medullary macrophages (MM) as well as by cDC2. Both cell types are 

known to be present in this region (Fig. 4C). 

In a previous study, we demonstrated that LN macrophages initiate the inflammatory 

response to influenza vaccination 28. Therefore, to clarify the role of macrophages, the cytokines 

secretion profile was measured after stimulation with ICs, with the idea that antigen density on IC 

would influence the secretory response of macrophages. To generate different antigen density ICs, 

increasing concentrations of UV-PR8 antigen from 1 to 10 plaque-forming units (PFU) per cell 

were incubated with a fixed concentration of the suppressive IgG antibody H36-7 (100 ug/ml) for 

1.5 h at 37°C. The relative concentration of virus and antibody was calculated using the 

hemagglutination inhibition assay (data not shown). Then, macrophages were stimulated with low 

(1:1) or high antigen density (1:10) ICs. The levels of TNF-α, Type I and II IFN response, IL-1α 

and IL-6 were measured in the supernatant by ELISA. As expected, non-opsonized UV-PR8 

stimulates macrophage-induced cytokine production in a dose-dependent manner. However, in 

response to ICs stimulation, low density (1:1) ICs produced high levels of TNF-α and IFN-β, 

moderate levels of IL-1α and low levels of IL-6. Conversely, in the presence of high density (1:10) 

ICs, both TNF-α and IFN-β decreased and IL-6 increased compared to the low-density ICs but IL-

1α remained unchanged (Fig. 4D). Furthermore, we observed that the secretion of type II IFN did 

not change after ICs stimulation. Only the higher antigen concentration triggered a moderate 

secretion by macrophages (Fig 4D). This led us to focus on the possible alteration of the cytokine 

response as a function of IgG density. Both TNF-α and IFN-β were among the cytokines that were 

strongly inhibited in the lymph of H36-7 IC treated mice (Fig. 3F). In addition, to link the ICs 

density with the protection against macrophages cell death observed in vivo, the proliferation 

activity of macrophages was assessed with an MTT assay. Low-density (1:1) ICs moderately 

altered macrophage proliferation, whereas high-density (1:10) ICs protected macrophages from 

undergoing rapid cell death and increased their proliferation compared to when they were 

stimulated with high-density antigen alone (Fig. 4E).  



Altogether, our data suggested that the high-density ICs in vitro model is the most 

appropriate model to fully validate the phenotype observed in vivo after passive immunization with 

anti-HA antibodies. 

IgG-Complexed influenza virus induces inhibition of phagocytic capacity and 

immunological potency of LNDCs.To characterize the processing and presentation of antigen-

bound ICs by antigen-presenting cells (APC), we studied by flow cytometry the changes in cell 

populations on the basis of their expression of different surface markers: LN-dendritic cells 

(LNDCs) (CD45+MHCII+CD11c+CD11b+), pDCs (CD45+MHCII+CD11cInt B220+CD11b+), 

LN-resident cDC1s (CD45+ MHCII+CD11c+CD11b−CD8+CD103-), migratory cDC1s 

(CD45+MHCII+CD11c+CD11b-CD4-CD103+), LN-resident cDC2s 

(CD45+MHCII+CD11c+CD11b+CD4+CD103−), migratory cDC2 

(CD45+MHCII+CD11c+CD11b+CD4-CD103−) (Fig. 5A). 

Then, we assessed the frequency of the different subtypes of DC in IC-treated mice 

compared to the isotype control at 12 h p.i.. We observed that the frequency of all LNDCs subsets 

significantly decreased in ICs pre-immunized mice with respect to isotype controls (Fig. 5A-B). 

Next, we evaluated the activation of LNDCs by examining the expression of CD80, a 

costimulatory molecule that is transiently expressed on DCs and known for its role in T- and B- 

cell regulation. Herein we observed that LNDCs highly downregulate CD80 expression (Fig. 5C). 

To compare immature and activated/mature DC populations for antigen uptake, we used 

UV-PR8 labeled with Alexa Fluor 647 bound to the respective antibodies. We observed that 

mature migratory cDC2s rapidly internalized in vivo the labeled antigen virus when it is free from 

specific antibodies forming ICs (Fig. 5D). However, immunization with anti-HA antibodies 

forming ICs, resulted in inhibition of antigen phagocytosis that is significantly decreased in H36-

7 IC treated group compared to the FI6 IC group (Fig. 5D).  

Next, to examine phagocytosis, we used both real-time confocal microscopy and flow 

cytometry to quantitatively discriminate internalized ICs after the different treatments (Fig. 5E). 

We observed that LPS-stimulated bone marrow-derived DC (BMDCs) (day 6) rapidly internalized 

the virus as demonstrated by the marked shift in the AF647-fluorescence when cultured with 

labeled UV-PR8 (Supplementary Movie 1, Fig 5E, left panel). As anticipated, under the same in 



vitro experimental conditions, CD11c+CD11b+ mature BMDCs did not significantly internalize 

the antigen when bound to the H36-7 mAbs (Fig. 5E, right panel).  

Finally, to evaluate whether the decreased binding of influenza virus to LNDCs could 

abrogate virus-specific T responses, we pulsed BMDCs with ICs for 2h at 37°C. Then, the input 

virus was removed by washing and BMDCs were co-cultured with TCR-transgenic CD4 or CD8 

T cells for HA for 96 h. The T-cell response was determined by CFSE proliferation assay (Fig. 

5F). Notably, lower frequencies of Ag-specific T proliferating cells were found in H36-7 ICs 

compared to the control as an expression of the CFSElow T cell population. The proliferation index 

was reduced by about 30% when CD4+ T cells were cultured with H36-7 IC-stimulated BMDC. 

In addition, CD4+CD69+ resident memory T cells were not proliferating in H36-7 IC treated mice 

compared to the isotype control group, as displayed by the incomplete effector function response 

(Fig. 5G). Moreover, expansion of functional CD4+CD25+ regulatory T cells in H36-7 pre-treated 

mice affects the proliferation and differentiation of naïve CD4+ T by potentially suppressing 

specific effector T cells lineage, including T helper (Th) 1, Th2, or Th17 (Fig. 5G). 



DISCUSSION  

Nowadays, the main target for vaccination is the generation of antibodies that can 

neutralize conserved regions of specific viral antigens. It is well appreciated that the seasonal 

influenza vaccine elicits strain-specific neutralizing antibodies that target the highly variable 

immunodominant head domain of HA. These antibodies have limited cross-reactivity against 

multiple influenza strains. Therefore, candidate antibodies targeting the more conserved stalk 

domain of HA have been proposed as a strategy for developing universal or broadly reactive 

antibody therapies 29. Two major impediments to universal influenza vaccine development are the 

constant antigenic changes of influenza strains and history of exposure to virus, infection, and/or 

vaccination that might shape the human antibody response 30,31. Indeed, pre-existing influenza 

immunity has long been recognized to compromise the response to subsequent infections or 

vaccinations. 

When antigen complexes with antibodies, such as those generated after immunization 

history or antibody therapy, form immune complexes (ICs), which introduce many structural 

modifications that can alter the innate responses against that specific antigen. Depending on 

various factors, antigen-antibody ICs can cause either immune pathological or potentiate beneficial 

immune effects. The properties of ICs, including the subclasses of the antibody, the ratio between 

the antigen and the antibody, the sites where the ICs formed and the cells involved in the 

recognition, have been explored to develop new approaches for prevention and therapies 32.  

One purpose of the present investigation was to define new immune regulatory effects of 

ICs that have been shown to inhibit effective immune responses against infections. Through this 

study, we uncovered a role for pre-existing immunity in shaping broadly reactive and neutralizing 

anti-HA responses to vaccination. Circulating anti-HA antibodies that mimic the pre-existing 

immunity to influenza binds to vaccine antigen-forming ICs, which inhibit the subsequent 

vaccination response. The observed inhibition of vaccine efficacy in our model was strictly 

dependent on the type of antibody used for prophylaxis. Indeed, different degrees of suppression 

can be achieved using mAbs that target different HA-domains, with highly neutralizing HA-head 

antibody that causes the more substantial suppression of the antibody response. This difference is 

probably due to the different mechanisms used by the two antibodies to mediate the inhibition of 

influenza infection. While anti-globular-head-domain H36-7 antibody blocks virus attachment to 



sialic acids on the surface of host cells, thereby blocking viral entry (Knossow et al. 2002), anti-

stalk FI6 antibodies neutralize the influenza virus by inhibiting the membrane fusion process 4. 

This contrasts with the general observations reviewed by Tang et al., that the deposition of 

multiple IgG antibodies on ICs promotes their avidity for Fc receptors (FcγRs) on immune cells. 

The Fc receptor engagement triggers Fc-mediated effector functions that lead to the destruction of 

the pathogen, such as ICs clearance by the antibody-dependent cellular phagocytosis (ADCP) or 

by inducing antibody-dependent cellular cytotoxicity (ADCC) 33. No correlation was observed 

between IgG-mediated antigen clearance in the LN and suppression of the antibody response. 

Notably, the IgG anti-HA completely suppressed the antibody response in mice lacking the 

inhibitory FcγRIIB and the activating FcγRs. These results supported previous findings using 

SRBC model and demonstrated that antibody suppression occurs independently from FcγRs 

functions 17,18. Nonetheless, it is noteworthy that suppression works well in the absence of 

complement 34. Therefore, these observations argued against an exclusive role of Fc receptor or 

complement activity in IgG-mediated suppression.  

In the literature, masking of epitopes, preventing the erythrocytes from being recognized 

by BCR, would function without the Fc or complement involvement. In this study, a strong 

argument compatible with epitope masking is that the ability of IgG to cover or mask the 

immunological epitope of HA at the BRC level is required to observe the IgG-mediated immune 

suppression during conditions in which IgG cannot activate complement or FcγRs. In contrast to 

epitope masking, it has been shown that suppression can also occur in a “non-epitope specific way” 

and therefore inhibit specific responses to other antigens. However, the inability to detect apparent 

suppression of other viral molecules in our system does not allow us to conclude that epitope 

masking is the only mechanism occurring definitively. Therefore further studies are needed to 

exploit whether IgG binding to HA-epitopes can sterically hinder NA-specific B cell response 

provided that HA-epitopes are present at higher density, as previously demonstrated in other 

models 35.  

In addition to Fc receptor-mediated phagocytosis, we suggested that other receptors 

expressed on the leukocyte surface might induce ICs uptake and reduce humoral immunity. In 

contrast to the 3D reconstruction showing that ICs were drained similarly by the lymphatic system, 

for the most part, they were not internalized by immune cells. This reduction is particularly evident 



for highly phagocytic cells such as LN-resident macrophages and DCs. These antigen-presenting 

cells (APCs) play a crucial role in IC uptake and processing onto a major histocompatibility 

complex (MHC). Nonetheless, the contribution of APCs in facilitating MHC class II presentation 

of the IC-delivered antigen has not been studied in detail 36. Earlier studies have shown that three 

types of APCs (i.e., DCs, macrophages, and B cells) can take up and present soluble IgG-

complexed antigens to CD4+ T cells 37. Our findings demonstrated that while B cells are poorly 

phagocytic, DCs and macrophages internalize viral antigens. However, the antigen uptake 

decreased when the viral antigen was complex with IgGs. Therefore, we hypothesized that in vivo 

ICs might be cleared by other immune or non-immune cells that capture and degrade them before 

APCs can effectively interact. Thus, have important implications in both in vitro and in vivo 

presentation to T cells. Indeed, IC-loaded DCs were found to have lower activation and priming 

ability for influenza-specific T cells. Similar to what was observed in vivo, these cells also 

internalized less antigens. These findings ruled out the theory that ICs have been cleared by other 

cells before interacting with APCs.   

Previously, it has been shown that FcγR facilitates the transport of ICs through a particular 

intracellular route to favor antigen presentation 38. Nevertheless, CD4+ T cell presentation is 

enhanced only when IgG and the antigen are present within the same phagosome after 

internalization, whereas clustering IgG and antigen in different phagosomes failed to induce 

antigen presentation 39. Future work is still necessary to confirm whether this hypothesis occurs in 

our model. 

In addition to the immune regulatory functions induced by ICs, DCs and macrophages 

concomitantly express activating and inhibitory FcγRs that can facilitate its capture. Indeed, 

previously published studies have shown that mice lacking the Fcγ inhibitory receptor IIb 

(FcγRIIB) on DCs showed enhanced T cell responses after  ICs administration 40. Moreover, these 

data infers that DCs modulation by FcγRIIB, initiated by ICs, down-regulates DCs activation and 

directs the phenotype of the T cell response towards T-regulatory induction and tolerance 41. 

Although we did not detect FcR involvement in this work, previous studies have demonstrated that 

other receptors contribute to antigen capture and internalization when bound to IgG. Antigen size 

and ICs shape can influence the extent of internalization and receptor-mediated signaling, shaping 

the antigen response 42. Our study suggested that alternative receptors can mediate ICs 

internalization, and its structure influences the trafficking to different cellular compartments. 



Several surfaces or intracellular receptors that can bind to IgG-complexed antigen following their 

internalization will influence whether an antigen is presented or not but also through which 

degradative pathway it is processed. For instance, C-type lectin receptors can regulate immune 

homeostasis against ICs. Indeed Dectin-1 is known to inhibit inflammation in the presence of 

glycosylated IgG1–immune complexes 43. Similarly, SIGN-R1 binds to sialylated IgG Fc 

fragments and is required for the anti-inflammatory activity of intravenous Ig (IVIG) therapies 
27,44,45.  

Moreover, we demonstrated for the first time that IgG suppresses the development of the 

inflammatory responses specific to the influenza virus, as ICs immunization leads to a down-

regulation of several pro-inflammatory cytokines and chemokines involved in viral recognition. In 

this context, the importance of macrophages during the early phases of viral infection has been 

associated with cell death-signaling pathways that trigger inflammation 28. However, passive 

immunization with influenza IgG prevented macrophage disappearance and inhibited 

inflammatory responses. In addition, IC-stimulated macrophages capture less antigen, down-

regulating the release of pro-inflammatory cytokines such as TNF-α and IL-6 and proliferating 

more than when stimulated with antigen alone. Different hypotheses could explain this 

observation, including the blocking of the NLRP3-dependent pathway, the suppression of the 

inflammasome activation 46, and the polarization of macrophages towards a more regulatory 

phenotype 47. The anti-inflammatory M2-like phenotype is established to circumvent inflammation 

excess within the damaged tissues. In infection models, this switch is used to swing between 

productive viral infection and resistance 48. Therefore, in the presented study, we examined the 

density of ICs necessary to mediate alteration in macrophage cytokines production. We used low 

and high amounts of antigen coupled with a fixed amount of IgGs and confirmed that at high-

density ICs, cytokine alterations occurred. However, we could not appreciate the production of IL-

10, an anti-inflammatory cytokine with the potential to terminate immune responses when 

stimulated at higher-density ICs 49. Further studies are needed to determine how macrophage 

phenotype can influence the immune response to ICs in healthy tissue and diseases.  

In summary, our findings provide evidence that virus-targeted passive immunization with 

monoclonal antibodies inhibits the host endogenous primary antibody response to vaccination. 

This effect of antibody-mediated immune suppression reveals a regulatory role for ICs at the 

macrophage and DCs level, independent of FcγR cross-linking. Moreover, ICs internalization 



influence DCs maturation and T cell proliferation and finally affect the immune and inflammatory 

responses to the antigen. To our knowledge, the regulatory role of immune cells has not been 

investigated in other AMIS models, and it seems likely that this mechanism would cause the 

complete suppression of responses to influenza antigen. The fact that ICs have both inflammatory 

and regulatory functions is largely due to the heterogeneity of FcγRs, immunoreceptors and the 

variety of cells that express them. These observations can likely be applied to a variety of 

infectious, inflammatory, or autoimmune diseases in which the identification of regulatory ICs 

may help explain disease pathology.  

Moreover, the immune regulatory functions of ICs can be manipulated and employed in 

therapeutics. A favored approach is to use ICs in the treatment of life-threatening systemic 

inflammatory syndromes induced, for example, during severe infection or autoimmune diseases. 

However, while potentially beneficial, the full effects of anti-pathogen monoclonal antibody 

therapies must be fully understood to guide effective follow-up vaccination. This study also 

provides a foundation for future investigations into the changes in vaccination effectiveness, 

probably due to the presence of pre-existing antibodies that can form ICs and modulate 

macrophage and DCs activation. 

 



MATERIALS AND METHODS 

Mice. C57BL/6 and BALB/c wild-type mice were bred in-house or acquired from Charles 

River Laboratories. The following transgenic strains were used: CD11c-YFP 50, CX3CR1-GFP51, 

CK6/ECFP 52, FcyRKO, C3KO53, CL4-TCR and TCR-HA. All strains had the C56BL/6 

background except for the CL4-TCR54 and TCR-HA55 on BALB/c. Mice were maintained in 

specific pathogen-free facilities at the Institute for Research in Biomedicine, Bellinzona. 

Experiments were performed following the Swiss Federal Veterinary Office guidelines and 

authorized by the relevant institutional committee of the Cantonal Veterinary (Commissione 

cantonale per gli esperimenti sugli animali, Ticino) with authorization numbers TI 06/16, TI 11/19 

and TI 02/19 

Antibodies. In this study,  various combinations of the following fluorescence-conjugated 

antibodies have been used for cell-surface phenotypic staining, cell sorting and intracellular 

staining: αB220 (RA3-6B2), αCD3 (17A2), αCD11b (M1/70), αCD69 (H1.2F3), αI-A/I- E 

(M5/114.15.2), αLy-6G (1A8), αCD21/CD35 (7E9), αF4/80 (BM8), αCD169 (3D6.112), 

αCD16/32 (90), αCD103 (2E7), αCD45 (30-F11), αCD11c (N418), αCD8a (53-6.7), αCD80 (16-

10A1), αCD138 (Syndecan-1) (281-2), αCD25 (PC61.5), αCD19 (6D5) (all from Biolegend). The 

following antibodies were used for ELISA: alkaline phosphate-conjugated goat anti-mouse total 

IgG and IgM (Southern Biotec). For EliSpot assay goat anti-mouse IgG-BIOT and IgM-BIOT 

were used (Southern Biotec). For passive immunization were used monoclonal antibodies H36-7, 

FI6 and muSAC isotype control (HUMABS BioMed).  

Virus Production Inactivation and Labeling. Influenza virus strain A/PR/8/34 was 

grown for 3 days in the allantoic cavity of 10-day embryonated chicken eggs. To remove cellular 

debris, the allantoic fluid was harvested and centrifuged at 3,000 rpm for 30 min. Virus was 

subsequently purified twice in a discontinuous sucrose gradient at 25,000 rpm for 90 min. Virus 

stocks were quantified by tissue culture infective dose assay (TCID50). To be inactivated, viral 

suspensions were placed under the UV lamp at a distance of 15 cm for 15 min. To label UV-

inactivated influenza virus (UV-PR8), DiD or AF647 dye was added to the viral suspension and 

incubated for 20 min at RT. After that, the virus was subsequently purified by centrifugation, as 

mentioned before. 



Antigen-antibody Administration and Injections. 106 plaque-forming units (PFU) of 

UV-PR8 per footpad in a final 10 µL were injected into anesthetized mice at different time points 

before LN collection. For passive immunization 5ug of anti-HA antibodies (H36-7 and FI6) or the 

isotype control (muSAC) were subcutaneously injected  2h before UV-PR8 immunization in a 

final volume of 10 µl per each footpad. For in vivo labeling of cells, mice received a subcutaneous 

injection of 1 µg of fluorescently-labeled αCD21/35, αF4/80, and αCD169/footpad (Biolegend), 

3h before image acquisition.  

In vitro immune complex generation. ICs were generated by mixing 108PFU/ml of UV-

PR8 with 100 or 500 µg/ml accordingly to the experimental set-up of the following HA mAb: HA-

globular head H36-7, HA-stalk FI6 and muSAC as isotype control (HUMABS) at 37°C for 1.5h. 

To study the effect of antigen density, UV-PR8 antigen was combined at a ratio of 1:1 (cells:PFU) 

or 1:10 (cells:PFU) with 100 µg/ml of nAbs in RPMI-1640 complete medium and incubated at 

37°C for 1.5h. 

Bone marrow-derived dendritic cell culture. BMDCs were produced using protocols 

adapted from Inaba, K. et al. 56. Briefly, bone marrow was flushed from femurs and tibias of 

C57BL/6 or BALB/c mice with RPMI-1640 supplemented with L-glutamine (Corning) containing 

10% FBS and penicillin/streptomycin (100 μg/ml). Bone marrow cells were incubated for 2h at 

37°C in 5% CO2 on Petri dishes to remove adherent macrophages. Non-adherent progenitor cells 

were seeded at 2 × 106 /ml onto a 100 mm -tissue culture-treated culture plates in RPMI-1640 with 

L-glutamine supplemented with 10% heat-inactivated FBS, β-mercaptoethanol (50 μM), 

penicillin/streptomycin (100 μg/ml) and 20 ng/ml of murine GM-CSF (PeproTech). BMDCs were 

cultured for 6 days at 37°C and 5% CO2 and an additional 10 mL of RPMI + 20 ng/mL GM-CSF 

media were added on day 3. To bring the final concentration of GM-CSF for the whole culture to 

10 ng/ml. BMDCs were used in functional assays on days 6 and 7 after stimulation with 10ng/ml 

of LPS.  

Bone marrow-derived macrophages culture. BMDMs were grown, as described 

previously 57. Briefly, bone marrow cells were collected by flushing the femurs and tibias with 

DMEM (Corning) complete media containing 10% FBS, 1% penicillin/ streptomycin, 2 mM of L-

glutamine, 0.05 mM of β-mercaptoethanol supplemented with 1ng/ml M-CSF. To remove 

erythrocytes, cells were resuspended in 1× lyse buffer on ice and let sit for 3 min. Cell suspension 



was then filtered through a 70-μm cell strainer and plated into a 12-well plate at  8 × 105 cells per 

well in a 37 °C incubator for six days. Half of the complete DMEM medium was added on day 4 

(500ul for a 12-well plate). BMDMs were used for functional assay on day 6. For creating a cell 

suspension, 0.05% trypsin-EDTA was added per well and incubated at 37°C for 3 min. Then, the 

digestion was stopped by adding 1ml of complete DMEM per well, and cells were isolated using 

a cell scraper. 

CD4+ and CD8+ T cell isolation. CD4+ and CD8+ T cells were isolated from the spleens 

of CL4-TCR and TCR-HA mice and purified using EasySep™ Mouse CD4+ or CD8+ T Cell 

Isolation Kit (StemCell). To monitor T cell proliferation, isolated T cells were resuspended at 2 × 

107/ml in PBS and labelled using CFSE (5 µM, Invitrogen) for 20 min at 37 °C, followed by 

quenching in culture media for 5 minutes at 37 °C. Take a day zero CSFE sample to determine the 

initial labelling signal.  

DC-T cell co-cultures. Day 6 BMDCs were stimulated overnight with 10 ng/ml of LPS. 

On Day 7, mature BMDCs were seeded in 96-well round bottom plates, pulsed with UV-PR8 ICs 

for 2h at 37°C and washed twice prior to culture. 1× 104 BMDCs were co-cultured with 1× 105 

CFSE labeled HA-specific T cells for 5 days. After 5 days, cells were harvested and labeled with 

αCD3, αCD8, αCD4 antibodies and ZombieRed and then analyzed by flow cytometry (50,000 

events collected). 

Immune complex uptake. BMDCs (2 ×105) were incubated with AF647-labelled ICs on 

ice for 45 minutes for immune complex uptake. Cells were washed with cold FACS buffer, and 

further immune complex uptake was prevented by returning the samples to ice before starting the 

imaging acquisition. Hoechst staining was used to label the nuclei. ICs internalization was 

followed by incubating cells at 37 °C for 0–60 minutes. The cells were imaged using Leica SP5 

STED confocal microscope with a 63× objective lens. Differential interference contrast (DIC) was 

additionally used to image cell contrast. To quantify the frequency of ICs internalization, BMDCs 

were incubated with UV-PR8 ICs (Alexa Fluor 647) on ice for the indicated time point and washed 

with cold PBS. Then cells were incubated at 37°C for 12 h to allow internalization. Cells were 

stained using αCD11c, αCD11b, αMHCII and αF480 before flow cytometry. ICs internalization 

was determined by gating on the live CD11c+CD11b+ population.  



Flow cytometry. Popliteal LNs were collected, disrupted with tweezers, and digested for 

10 min at 37°C in an enzyme mix composed of DNase I (0.28 mg/ml, Amresco), dispase (1 U/mL, 

Corning), and collagenase P (0.5 mg/mL, Roche) in calcium- and magnesium-free PBS (PBS-) 

followed by a stop solution composed of 2 mMEDTA (Sigma-Aldrich) and 2% heat-inactivated 

filter-sterilized fetal calf serum (Thermo Fisher Scientific) in PBS- (Sigma-Aldrich). Fc receptors 

were blocked (aCD16/32, Biolegend) followed by surface staining and analyzed by flow cytometry 

on an LSRFortessaTM (BD Biosciences). Where indicated, intracellular staining was performed 

using Intracellular Fixation and Permeabilization Buffer Set (eBioscience), following the 

manufacturer’s instructions. Dead cells were excluded using Zombie fixable viability dye 

(Biolegend), and data were analyzed using FlowJo software (TriStar Inc). 

Cytoplex assay. LEGENDPlexTM assays (Mouse Proinflammatory Chemokine Panel and 

Mouse Inflammation Panel; Biolegend) were performed to monitor cytokine/chemokine 

expression. Briefly, popliteal LNs were collected and carefully disrupted in 100 mL ice-cold 

phosphate buffer, minimizing cell rupture. The suspension was centrifuged at 1,500 rpm for 5 min, 

and the supernatant was collected. 25 µL supernatant was used for the protocol following the 

manufacturer’s instructions. Samples were analyzed by flow cytometry on an LSRFortessa (BD 

Biosciences), and data were analyzed using LEGENDPlex software (BioLegend). In some 

experiments, BMDMs cultured cells were stimulated with different antigen-density ICs and 

incubated for 12 h at 37°C. Supernatants of in vitro stimulated cells were used to perform Mouse 

Proinflammatory Cytokines Panel LEGENDPlex assay. 

ELISpot. Mice were immunized subcutaneously with IgG-ICs. For enzyme-linked 

immuno- spot assay (EliSpot), on day 10 p.i., popliteal LNs were removed aseptically, disrupted, 

and passed through a 40-µm cell strainer. 4 ×105 cells were plated on UV-PR8-coated (107 

PFU/mL) filter plates (MultiScreenHTS, Merck Millipore) and incubated for 16 h at 37°C. For 

detection, a biotin-conjugated anti-IgG or -IgM was used, followed by streptavidin-conjugated 

horseradish peroxidase (HRP). A developing solution consisting of 200 µL 3-amino-9-

ethylcarbazole (AEC) solution (Sigma) in 9 mL sodium acetate buffer containing 4 µL 30% H2O2 

was subsequently added. Spots were read on a CTL ELISPOT reader using ImmunoSpot 5.1 

software (Cellular Technology).  



ELISA. Mice were immunized subcutaneously with IgG-ICs. For immunological assays 

such as ELISA, blood was collected by tail bleeding on day 7 and day 10. Serum was isolated by 

centrifugation and freeze at 80°C for later analysis. Half-well Nunc ELISA plates were coated with 

107 PFU/mL UV-PR8 antigen in PBS buffer overnight at 4°C. After blocking 25 µl of diluted 

serum samples were added to each well and incubated for 2h at RT Alkaline phosphatase (ALP) 

αIgG and αIgM antibodies diluted 1:2000 were used to detect antibody binding. SIGMAFAST 

para-nitrophenyl phosphate tablets (Sigma-Aldrich) were used as substrate, and the reaction was 

stopped by adding equal volume of 0.3M NaOH. Absorbance was read on a Biotel PoweWave 340 

(Biotek) microplate reader at 405 nm. 

SPR. The antibody binding properties were analyzed at 25°C on a ProteON XPR-36 

instrument (Bio-Rad Laboratories) in PBS (GIBCO, Thermo Fisher Scientific) and 0.05% Tween-

20 (Sigma). The indicated proteins were immobilized on a ProteON G.L.M. sensor chip (Bio-Rad 

Laboratories) surface through amine coupling at 100 nM and a blank surface with no protein was 

created under identical coupling conditions for use as a reference. HA analyte protein was injected 

at a flow rate of 100 μl min−1, at concentrations of 100, 75, 50, 25, 12.5 nM and 6.25 nM in 

different sensor channels. The data were processed using Proteon Manager software (v3.1) and 

double-referenced by subtraction of the blank surface and buffer-only injection. Ka, kd and KD 

were calculated by two-state fitting. 

Statistics. All statistical analyses were performed in Prism8 (Graphpad Software, La Jolla, 

USA). Results were expressed as mean ± standard deviation (SD). Means among two groups were 

compared with a two-tailed t-test. Means among three or more groups were compared with one-

way ANOVA with Dunn’s multiple comparison post-test.  
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FIGURES LEGEND 

Fig. 1. Neutralizing anti-HA monoclonal antibody as a model as a model to study 

antigen-antibody immune complexes. (A) Schematic representation and structure of the HA 

bound to anti-head or anti-steam antibodies. (B) Proposed mechanism of neutralizing antibody and 

immune complex formation in influenza vaccination. (C) Transmission electron microscopy 

(TEM) of immunogold labelling experiments showing the morphology of antibody-antigen 

immune complexes. Isotype control monoclonal antibody muSAC (left panel) and neutralizing 

monoclonal antibody anti-HA (right panel) incubated with UV-inactivated PR8 influenza virus 

which had been labelled with gold secondary antibody to visualize HA bound antibody. (D) Higher 

magnification of individual immune complex clusters showing necked (muSAC isotype control + 

UV-PR8) or heavy decoration with anti-HA-specific gold particles (nAb + UV-PR8). (E) 

Frequency of the cluster size in nAb-UV-PR8 immune complex compared to isotype control. 

Surface plasmon response (SPR) sensorgrams of pH-dependent antigen binding antibodies binding 

to cognate antigen and 1:1 kinetic model fit overlays. SPR measurements of 25-min antigen 

dissociation at pH 5 (left panel), pH 7.2 (middle panel) and full kinetic at pH 7.2 (right panel) for 

H36-7 mAb (F) and FI6 (G), respectively. Different surface densities were used for koff and KD 

determination. The coloured lines arepresent the binding response signals at different antigen 

concentrations (100 nM,; 50 nM,; 25 nM,; 12.5 nM,; and 6.25 nM,), and the overlaid grey lines 

represent the fitted curves.  

Fig. 2. Prophylactic administration of anti-HA IgG antibody promote antibody-

mediated immune suppression (AMIS) in influenza vaccination. (A) Schematic representation 

of the experimental set-up procedure. Mice were subcutaneously injected with 5ug of anti-HA 

mAB (H36-7 or FI6) or the corresponding isotype control (muSAC) 2 h prior UV-inactivated PR8 

virus in the footpad. Samples were collected 12 h to evaluate innate response or 10 days post 

vaccination to study adaptive response. (B) PR8–specific IgM and IgG titers measured by ELISA 

in the sera of passively immunized mice compared to isotype control. (C) Morphology of B cells 

spots measured ex vivo by ELISpot assay. (D) Number of anti-PR8 specific IgM ASC (left panel) 

and IgG (right panel) in the LN at 10-days after immunization with H36-7, FI6 or isotype immune 

complexes. Flow cytometric analysis of total CD45+ cells (E), CD19+B220+ B cells (F), 



CD19+/low B220low B cells (G), GC B cells (CD95+ GL7+) (H), Plasma cells (CD19+/low 

B220low CD138+) (I), and FDC (Lin- CD21+ CD35+) (L) in LN at 10 days after immunization. 

Fig. 3. Anti-HA head mAb prevent macrophages disappearance and suppress 

inflammatory responses. (A) 3D reconstruction of the LN architecture showing the distribution 

of DiD+ IC at 12 h p.i. (white). Upper row shows a maximum intensity projection of the whole z-

stack of the lymph node, while lower row shows a slice with the different regions highlighted. 

CD169+ macrophages and CX3CR1+ myeloid cells are in red and green respectively. SS: 

subcapsular sinus; IFA: interfollicular area; Med: medulla. (B) Quantification of the fluorescence 

intensity associated with the PR8-DID ICs in the different areas of the LN. Fluoresce is expressed 

in arbitrary units/um3 (a.u./um3). (C) Gaiting strategy for LN macrophages subset identification 

using flow cytometry. Total LN macrophages (CD169+ CD11c intlow), SSM (CD169+ CD11c 

intlow CD11b+ F480-) and MM (CD169+ CD11c intlow CD11b+ F480+) are represented for PBS 

and H36-7 IC at 12 h p.i.. Flow cytometry analysis showing the counts (D) and frequencies (E) of 

SSM and MM in the LN at 12 h p.i.. (F) Concentration of inflammatory cytokines and chemokines 

at 12 h p.i. in the LN. 

Fig. 4. Role of macrophages and LNM-induced inflammation in antibody mediated 

immune suppression. (A) Number of PR8-specific IgG ASC (Left panel) and IgM ASC (Right 

panel) in the LN of wild type, FcyRKO and C3KO mice at day 10 after immunization. (B) Flow 

cytometric analysis showing the capture of UV-PR8 labelled with AF647 ICs by CD45+ immune 

cells in the LN at 12 h p.i.. (C) Mean fluorescence intensity of UV-PR8 (labeled with Alexa fluor 

647) was analyzed into macrophages subsets and DC cells in the LN 12 h p.i. in H36-7 or FI6 

treated mice compared to the isotype control. (D) Quantification of inflammatory cytokines in the 

supernatant of splenic macrophages after 12 h stimulation with low density IC (1:1) or high density 

IC (1:10). Fixed concentration of nAb (0 or 100 ng/ml) were incubated for 1h at 37°C with either 

with 1:1 or 1:10 viral particle per cells to generate IC before stimulating macrophages for 12 h at 

37°C. (E) MTT cell proliferation activity of BMDM exposed to low density IC (1:1) or high 

density (1:10) for 96h. Non-stimulated cells were used as negative control. 

Fig. 5. Antigen-IgG immune complexes modulate LNDC cytokine production with 

subsequent suppression of Th1 and Th2 cell responses. (A) Representative flow cytometric 

characterization of LNDC (CD45+MHCII+CD11c+CD11b+), pDCs (CD45+MHCII+CD11cInt 



B220+CD11b+), LN-resident cDC1s (CD45+ MHCII+CD11c+CD11b−CD8+CD103-), 

migratory cDC1s (CD45+MHCII+CD11c+CD11b-CD4-CD103+), LN-resident cDC2s 

(CD45+MHCII+CD11c+CD11b+CD4+CD103−), migratory cDC2 

(CD45+MHCII+CD11c+CD11b+CD4-CD103−) in mouse LN. (B) Frequency of LNDC subsets 

at 12 h p.i.. (C) Flow cytometric analysis showing expression levels of CD80 in LNDCs at 12 h 

p.i., expressed as mean fluorescence intensity (MFI) of LNDC subsets signal. (D) Flow cytometric 

analysis showing the capture of UV-PR8 labelled with AF647 IC by LNDC subsets in the LN at 

12 h p.i.. (E) Confocal micrograph showing the accumulation of UV-PR8-AF647 IC and the 

frequency by CD11c+CD11b+ BMDC in vitro. (F) CFSE proliferation assay showing the 

percentage of CD4+ HA TCR-specific T cells co-cultured with UV-PR8-loaded DC in the 

presence or not of H36-7, FI6 or isotype control for 96h. (G)  Flow cytometric analysis showing 

the frequency of CD69 and CD25 expression by CD4+ T cells in vivo at day 5 after immunization. 
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6.3. Aim 3: Characterize the dynamics of immune cells infiltration in 

response to influenza infection and identify a possible strategy to control 

and regulate influenza virus infections by targeting inflammation  

6.3.1. Hypothesis 1 - Review the role of innate immune cells and inflammatory 

mediators during influenza infection 

The thesis aims to investigate the involvement of early inflammatory response and innate 

immune cells in the recognition of influenza virus and their influence on the development of 

adaptive immune responses. 

Inflammation is an essential component of the initial antiviral response. By recruiting 

innate immune cells to the site of infection, it helps to control viral dissemination. However, an 

uncontrolled and exacerbated response to the virus may be associated with intense lung injury and 

death. Indeed, several studies described inflammation as a double edge sword during influenza 

virus infection —it is necessary to protect against viral infection but is also associated with lung 

damage, morbidity, and death. Therefore, in order to understand this dichotomy, we reviewed the 

literature to identify novel immune cells and inflammatory mediators responsible for balancing 

immune protection and immune pathology to influenza infection.  

Overall, the research carried out in this field has been of primary importance to lay the 

foundation for the current thesis (see Chapter 1, Paragraph 1.3) and develop hypotheses to 

identify new players in the early immune response against influenza infection, which will be 

discussed in the following paragraphs. Furthermore, our work will benefit the development of new 

immunomodulatory therapies aiming to modify the unwanted inflammatory response triggered by 

influenza infection without interfering with the inflammatory response necessary to eliminate the 

virus.  

6.3.2. Hypothesis 2 - Study the role of inflammatory dendritic cells (IDCs) 

during influenza infection in the trachea 

Respiratory DCs are present across the respiratory tract forming a network below and 

within the airway epithelium, which allows them to search for any immunological threats that 

might alter homeostasis in the airways. IDCs rapidly differentiate from monocytes in response to 
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microbial or inflammatory stimuli. However, their specific contribution has not been fully 

addressed in the context of influenza infection. Some reports suggest that the main role of IDC is 

performed at the site of the infection and consists of the attraction and activation of other immune 

cells to control viral proliferation. Furthermore, IDCs express a wide range of CLR that can bind 

influenza viruses and modulate the inflammatory response directly. 

In line with these findings, we proposed the following sub-objectives:  

a) Develop a model to study the early phase of influenza infection in the upper 

respiratory tract and the trachea 

b) Identify the role of IDC in virus recognition and control of viral dissemination 

c) Elucidate the inflammatory responses that trigger IDC recruitment and activation 

d) Analyze the expression of C-type receptors on  IDC as a possible mechanism for 

viral recognition. 

6.3.3. Hypothesis 3 - Study the involvement of mucosal γδ T cells in viral control 

in the trachea against influenza virus 

The trachea plays a critical role in host defense against influenza virus by limiting viral 

replication and supporting the development of adaptive immune responses during the early phase 

of viral infection. As the introduction discusses, the respiratory mucosa is lined by innate immune 

cells rapidly responding to pathogens. Among them, γδ T cells are a unique group of lymphocytes 

that play an essential role in bridging the gap between innate and adaptive. These cells show 

phenotypic and functional plasticity since they can differentiate into both innate-like or memory 

phenotypes. Contrary to what has been demonstrated for bacteria and parasites, the role of γδ T 

cells in the immune response against viruses is still unknown.  

However, γδ T cells are an important early source of inflammatory cytokines and thus make 

them be identified as important mediators of the immune responses in influenza infection.  

In this study, we identify the following sub-objectives;  

a) Investigate the dynamic recruitment of γδ T cells in the trachea after infection 

b) Characterize the key feature of γδ T cells subsets and their function during viral 

dissemination 

c) Analyze the profile of pro-inflammatory cytokines released by γδ T cells  
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d) Evaluate the impact of IL-17A-producing γδ T cells in establishing mucosal 

immunity. 
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Influenza virus is a global health concern that causes from mild

to severe respiratory disease. A definitive treatment against this

pathogen remains elusive, despite significant progress has

been made in understanding the host-pathogen interactions

that contribute to the progression of the infection. The initial

antiviral response against influenza involves the secretion of

cytokines and chemokines by immune and non-immune cells.

However, the inflammatory process has a double side in the

outcome of the infection. On the one hand, inflammation

induces the recruitment of different innate and adaptive

immune cells to the site of infection, which contributes to the

control of the viral dissemination. On the other hand, the

excessive production of pro-inflammatory cytokines induces

the so-called ‘cytokine storm’ that is characterized by

excessive tissue damage, which ultimately leads to organ

failure. Recently, different studies have described the early

immune response in the upper respiratory tract and the trachea

following influenza infection and have identified novel cell

mediators, such as inflammatory dendritic cells and gd T cells,

involved in viral recognition and pathogen eradication. This

review discusses the function of these early recruited immune

cells and the inflammatory mediators released upon infection.

A complete characterization of the role of these new players in

the early immune response against influenza might suggest

potential targets for therapeutic intervention.
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Introduction
Respiratory viruses are the most frequent causative

agents of disease in human, causing from mild symptoms

to severe respiratory failure. Amongst them, adenovirus,

orthomyxovirus, orthopneumovirus, coronavirus, and
www.sciencedirect.com 
rhinovirus are the most common. Influenza virus, a mem-

ber of the orthomyxovirus family, is one of the leading

causes of morbidity and mortality worldwide, which

causes approximately 500.000 deaths annually [1��]. A

common strategy employed by this group of viruses to

escape the host immune response is their high mutation

rate, called antigenic drift [2]. In addition, influenza A

virus can also generate new strains by gene re-assortment

with other viruses of zoonotic origins. This process, called

antigenic shift, can potentially lead to serious pandemics

[3].

Seasonal vaccination is the main strategy for prevention

and control of influenza infection [4]. However, the

previously mentioned escape mechanisms are responsible

for the lack of universal vaccines that could provide long-

lasting protection against future pandemic strains of

influenza [5]. Therefore, a better understanding of the

mechanisms used by the immune system to fight influ-

enza infection is crucial to identify possible therapeutic

strategies.

The aim of this review is to provide insights into the most

common mediators responsible for the early recruitment

of innate immune cells following influenza infection, with

a special focus on the initial phase of inflammation.

Timing of the immune response against influenza

infection

According to both the location and the immune cells

involved, the innate inflammatory response against influ-

enza can be divided into two temporal waves. The

primary inflammatory wave occurs in the upper respira-

tory tract and the trachea within the first three days

following infection and it is characterized by the induc-

tion of interferon (IFN) secreted by infected epithelial

and resident phagocytic cells [6,7]. Macrophages (alveolar

and transepithelial) and dendritic cells (DC, classified

into plasmacytoid and conventional) contribute to lung

homeostasis and modulate the innate and adaptive

immune response to infection (Figure 1). This initial

response is followed by a second inflammatory wave

located in the upper and the lower respiratory tracts from

day three to seven, which is characterized by the recruit-

ment of inflammatory dendritic cells (IDC), neutrophils,

macrophages, gd T cells and natural killer (NK) cells

(Figure 1). These infiltrating immune cells upregulate

the expression of numerous IFN-stimulated genes initi-

ating the downstream production of cytokines that sustain

the inflammatory milieu and promote further recruitment
Current Opinion in Physiology 2021, 19:175–186
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Overview of the activation of distinct immune responses against influenza. Distinct temporal waves are generated upon exposure to influenza

infection. The curve of the viral load coincides with the innate immune response. The innate response is divided into a primary inflammatory wave

that occurs at 1–3 days post infection (d.p.i.) and is generated by resident cells and the respiratory mucosa. The first wave is followed by a

second inflammatory wave at 3–7 d.p.i. generated by the infiltration of innate cells. The magnitude of the wave is determined by immune cell

infiltration and release of inflammatory mediators. The adaptive immune response coincides with the viral clearance around day 7 p.i..
of other immune cells. Finally, the adaptive immune

response is fully mounted between day seven and ten

post infection (p.i.) and it is characterized by the infiltra-

tion of lymphocytes and the production of antibodies by B

cells (Figure 1).

Primary inflammatory wave
Influenza initially targets epithelial cells in the upper

respiratory tract, including nasal passages, pharynx, larynx

and trachea (Figure 2a) [8]. The respiratory epithelium,

classified as pseudostratified and columnar, presents

important species-specific differences. In humans, the

predominant cell types are ciliated cells, basal cells and

goblet cells (Figure 2b), whereas the murine epithelium is

mostly lined by non-ciliated secretory cells (Figure 2c).

These cells contribute to host defense by producing

antimicrobial proteins and mucus in response to inflam-

mation [9]. The mechanism leading to inflammation is a

vital part of the complex immune response against the

virus and promotes the accumulation of leukocytes and

plasma proteins from the blood to the site of infection.

Tissue resident and early recruited innate immune cells

act together with structural cells recognizing the pathogen
Current Opinion in Physiology 2021, 19:175–186 
and initiating the antiviral inflammatory response in the

tracheal epithelium (Figure 2d) [10,11].

Epithelial cells

Infection of the epithelial cells of the airways triggers the

expression of a variety of antimicrobial molecules, includ-

ing the secretion of highly glycosylated membrane-teth-

ered mucins and antimicrobial peptides, intended to

contain viral infection [12,13]. In addition, epithelial cells

have a key role in the initiation of the immune response

secreting type III IFN, also known as IFN-l. This

molecule, which is the earliest IFN produced, mediates

non-redundant protection against the initial viral dissem-

ination in the upper respiratory tract (Figure 3) [14��,15].

The IFN-l signaling conveys in the same pathway as the

type I IFNs, leading to the transcription of pro-inflam-

matory cytokines [16,17]. However, in contrast to type I

IFN, which acts systemically and is ubiquitously

expressed by immune cells, IFN-l acts locally and its

expression is restricted to epithelial cells [18]. Therefore,

the expression of IFN-l at the mucosal site promotes a

local antiviral effect without activating systemic
www.sciencedirect.com
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Figure 2
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Schematic representation of the human and murine respiratory tract. Structure of the upper and lower respiratory tracts (a) and the cellular

composition of the respiratory epithelium in humans (b). The upper respiratory tract and the large bronchi are organized in ciliated epithelial cells

(EC), goblet cells and secretory cells. The small bronchi and bronchioli are covered by cuboidal EC, while alveolar EC are present in the alveoli.

Resident macrophages and dendritic cells (DC), both expressing CD11c, are located in the mucosa, while alveolar macrophages are located in the

alveoli. (c) Schematic representation of the murine airway epithelium. Epithelium is thinner in mice than humans and is composed mostly by non-

ciliated secretory cells (Clara cells). (d) 3D reconstruction of a murine trachea three days post infection (d.p.i.) with influenza virus (left) showing

resident CD11c+ cells (green) in direct contact with the tracheal lymphatics in the respiratory epithelium (red) (middle). Infection with influenza

causes conformational changes in the antigen presenting cells (green) compared to the PBS (right panel). Lymphatics parallel to epithelial cells

and collagen are labelled in red and blue, respectively.
inflammation [14��]. Thus, targeting IFN-l as a thera-

peutic approach could promote antiviral immunity with-

out resulting in a strong systemic inflammation, which

may be potentially deleterious for the host [14��,19��].
Additionally, dying epithelial cells enhance the antiviral

resistance and promote inflammation by increasing the

expression of effector molecules, such as type I IFN, and

IFN-induced chemokines (CXCL9, CXCL10, CXCL11

and CCL5) [20,21].

Tissue resident phagocytic cells

Airway macrophages (F480+ CD11c+) and dendritic cells

(DC; CD11c+ I/A-I/E+ F480-) are strategically located in

the respiratory epithelium (Figure 2). These cells closely

collaborate with structural cells by building a transepithe-

lial interacting cellular network that recognizes influenza

virus and initiates an intracellular signaling cascade that

results in the release of pro-inflammatory mediators,

including type I IFN (Figure 3) [11,22,23]. The binding
www.sciencedirect.com 
of IFN-a/b to their receptor IFNAR triggers a signaling

pathway that promotes an antiviral state in infected cells

[24,25]. Moreover, type I IFN promotes DC maturation,

stimulates cross-presentation to T cells and is responsible

for the recruitment of effector cells [26,27]. Consistently

with the previous described role of type I IFN, mice

lacking IFN-a/b receptor exhibit a delay in viral clear-

ance and are more susceptible to viral infection [28,29].

Another strategy followed by the immune cells to initiate

the response against influenza virus is the induction of

different cell death pathways in phagocytic cells. Several

host restriction factors, including macrophages cell-death,

have been proposed to limit viral release [24,30]. Inter-

estingly, we have previously observed that, during influ-

enza vaccination, viral internalization by lymph node

macrophages is followed by their necrotic death and

the release of alarmin molecules. This process plays a

key role in the recruitment and activation of neighboring
Current Opinion in Physiology 2021, 19:175–186
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Figure 3
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Primary inflammatory wave after influenza infection. Overview of the primary inflammatory wave showing the response of structural cells and

tissue resident cells to influenza infection. The first line of defense involves the release of type III IFN by epithelial cells and pro-inflammatory

cytokines that induces antiviral response and promotes recruitment of leukocytes. Infected cells release type I IFN and the alarmin molecule IL-1a.

Amongst the effector cells recruited, NK cells and T cells are responsible of the elimination of infected cells. EC: epithelial cells; DC: dendritic

cells; ILC: innate lymphoid cells; GrnzB: granzyme B.
DC as well as in the development of a proper humoral

response against the virus [31��]. It is known, from a

molecular perspective, that the caspase-mediated cell

death induced by the activation of the inflammasome

pathway is an important component of the host immune

response [32��,33]. This activation occurs via NLRP3

pathway, and it is essential for the initial inflammatory

response against the virus [34,35]. In addition, other

phagocytic cells are known to undergo different cell death
Current Opinion in Physiology 2021, 19:175–186 
pathways, such as apoptosis [36–38]. Indeed, mice with

impaired apoptotic pathways are more susceptible to viral

infection and disease [39–41]. However, the influence of

these mechanisms in the response against influenza is not

fully understood and needs further investigation. Hence,

targeting cell-death programs, such as the NLRP3 inflam-

masome pathway, may provide an alternative therapeutic

strategy to treat influenza infection, preventing hyper-

inflammatory disease and pneumonitis [42,43].
www.sciencedirect.com
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Figure 4
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Secondary inflammatory wave after influenza infection. Graphical representation of the secondary inflammatory wave generated by the recruited
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Secondary inflammatory wave
The initial response is followed by a secondary inflam-

matory wave (Figure 1), which is characterized by the

secretion of distinct chemotactic factors that act
www.sciencedirect.com 
synergistically inducing the recruitment of innate

immune cells. In turn, these cells upregulate the expres-

sion of numerous IFN-stimulated genes and initiate the

downstream production of cytokines, which support the
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recruitment of other innate immune cells (Figure 4).

Amongst the different inflammatory cells recruited in

the secondary wave, we can find:

Monocytes and monocyte-derived cells

The secretion of the chemokines CCL2, CCL3, CCL5

and TNF-a by alveolar macrophages (AM) promotes the

recruitment of circulatory monocytes (CCR2+ Ly6Chigh

CD11b+), which play an important role in the control of

viral replication (Figure 4). After recruitment, the inflam-

matory milieu induces monocytes differentiation into

inflammatory monocyte-derived macrophages (IMM)

and inflammatory DC (IDC). IDC are generally distin-

guished from other subsets of DC by the expression of

CCR2 and Ly6C [44,45��]. Subsequently, the activation

of these cells further promotes the production of CCL5,

CXCL9 and CXCL10, which sustain the recruitment of

protective immune cells [45��]. However, an excessive

infiltration of inflammatory cells into the lungs induces an

uncontrolled release of inflammatory cytokines, which

correlates with the severity of the disease [46,47].

Overall, the CCL2/CCR2 axis must be finely tuned in

order to maintain the balance between immune protec-

tion and cytokines-derived immunopathology. A proof of

this equilibrium has been observed in infected CCR2-

deficient mice, in which the impairment of monocyte/

macrophage migration correlated with a higher survival

rate and protection to influenza infection [48�]. Recently,

a single cell sequencing approach has been used to

characterize the time-dependent component of the

inflammatory events that follow viral infection in the

lungs [49,50��]. Interestingly, a distinct population of

macrophages expressing peroxisome proliferator-acti-

vated receptor gamma has been identified at later stages

of influenza infection. These cells contribute to the

secondary inflammatory wave by releasing high levels

of CCL2, CCL7 and CCL8, which mediate monocytes

recruitment and their differentiation into AM. Notably,

these macrophages also express higher level of transform-

ing growth factor-b, an anti-inflammatory molecule that

suppresses immunity and supports tissue repair [51].

Moreover, the sustained inflammatory condition dam-

pens the anti-inflammatory macrophage phenotype,

which causes a massive infiltration of monocytes that

may induce respiratory pathologies [50��,52]. Overall,

these studies suggest a delicate role of the CCL2-axis

in maintaining the balance between the restoration of

homeostasis and the immunopathology following influ-

enza infection.

Leukotriene B4 (LTB4) is another well-known inflam-

matory mediator that participates in the chemokine gra-

dient driving early cell infiltration. Recently, Pernet and

colleagues [53] have characterized a regulatory mecha-

nism reliant on LTB4-dependent IFN-a production that

promotes disease tolerance and survival to influenza
Current Opinion in Physiology 2021, 19:175–186 
infection by preventing the proliferation of IMM and

limiting acute inflammation.

Neutrophils

These cells are among the first cells to be recruited into

infected tissue and are important contributors to the

secondary inflammatory wave (Figure 4). The recruit-

ment of neutrophils to the infection site and to the

draining lymph nodes is a multifactorial process partially

dependent on IL-1 secretion [54,55]. Upon infiltration,

neutrophils upregulate effector genes encoding viral-spe-

cific pattern recognition receptors, and release antimicro-

bial peptides and pro-inflammatory cytokines such as

CCL2, CCL4 and CXCL10 [56,57]. In addition, recent

studies have identified a novel subset of mature infected

neutrophils expressing PD-L1, which harbor high levels

of viral RNA and transcripts of IL-1a, CCL3, CCL4 and

IL-1b [50��]. Other molecules, such as LTB4, seems to

further regulate neutrophil actions by improving host

immune control during the later phase of influenza infec-

tion [58]. Moreover, complementary mechanisms such as

the formation of extracellular DNA traps and antigen

presenting cell functions have been associated with the

antiviral response and the regulation of the adaptive

immunity performed by these cells [59,60].

However, the role of neutrophils is also associated with

pathological processes. Excessive recruitment induces

epithelial apoptosis and alveolar injury by increasing

epithelial permeability [61]. In addition, neutrophils dis-

play several pathogenic features associated with the

expression of high levels of the IL-1 family genes and

delayed apoptosis [62�,63]. Therefore, a tight regulation

between the protective and the damaging effects of these

molecules is needed to ensure the proper defense against

the virus.

NK cells

Located in the respiratory tract, NK cells are key reg-

ulators of antiviral host defense. They traffic to the

trachea and lungs after influenza infection and provide

an early source of cytokines, such as IFN-g, that contrib-

ute to viral control and to modulate the adaptive immune

response (Figure 4) [45��,64,65]. Moreover, we have

recently demonstrated that the early secretion of IFN-

g by NK cells induces the activation of lymph node

resident DC and positively regulates the humoral

response against the virus [66,67].

The CXCR6-CXCL16 axis has an important role in

driving NK cells localization within the tissue, as the

majority of the NK cells located in the lungs, at day four-

five after infection, express this tissue-homing receptor

[64,65]. Some studies have suggested that NK cell defi-

ciency correlates with severe immunopathology [68].

However, other studies have suggested that CXCR6 is

dispensable for viral control [69]. These contradicting
www.sciencedirect.com
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results could be explained by the fact that the antiviral

role of the NK cells in mice seems to be dose-dependent

and strain-dependent [70–72]. Moreover, other factors

might have also influenced the results obtained by the

previous studies. For example, it has been recently dem-

onstrated that the circadian rhythm directly affects the

inflammation following influenza infection and has an

important role in the regulation of NK cell recruitment,

activation and host protection [73�].

gd T cells

These cells are in the front line against various viruses and

promote both innate and adaptive immune responses

[74,75]. Their recruitment is mediated by CXCL9 and

CXCL10, secreted by IDC following influenza infection

(Figure 4). These chemokines induce the expression of

the receptor CXCR3 by gd T cells, facilitating their

recruitment to the trachea [45��].

One of the main features of gd T cells is their capacity to

secrete a variety of pro-inflammatory cytokines, such as

IL-17 and IFN-g, which promote the recruitment of

neutrophils and NK cells in the tracheal mucosa

[76�,77]. Moreover, gd T cells are essential to initiate

protective lung immunity to infections. This function is

especially clear in the mouse lung epithelium of influ-

enza-infected neonates, where the release of IL-17 by gd
T cells promotes tissue repair and induces the expression

of IL-33 and amphiregulin [78,79].

An excessive response of gd T cells has also been associ-

ated with a pathological phenotype. For instance, it is

known that the excessive production of IL-17 by these

cells inhibits regulatory T cells that are important to

attenuate lung immune cell infiltration [80]. Similarly,

excessive IFN-g secretion by gd T cells during influenza

infection boosts lung immunopathology through suppres-

sion of the protective ILC2-dependent IL-5 and amphir-

egulin [81].

Dendritic cells

Lining the airway mucosa, DC are specialized in the

recognition and phagocytosis of pathogens followed by

the presentation of their antigens to T and B cells.

Different pro-inflammatory signals determine the pheno-

type of DC and regulate their interaction with T cells

(Figure 4). Amongst the different subtypes of DC, influ-

enza infection leads to active recruitment of conventional

DC (cDC) and plasmacytoid DC (pDC) in the respiratory

tract [82]. pDC are distinguished from cDC by the

expression of lower levels of CD11c and MHCII and

the expression of Siglec-H, Ly6C and B220 in mouse, and

CD303 (BDCA2), CD304 (BDCA4) and CD123 in

humans. During influenza infection, pDC are rapidly

activated and release large quantities of type I IFN

[83]. Moreover, they produce a large amount of the

chemokines CXCL1, CCL2, CCL5 and CXCL10, which
www.sciencedirect.com 
promote the recruitment of leukocytes. Interestingly,

quiescent pDC express high levels of interferon-regula-

tory factors (IRF), a family of proteins that regulate

transcription of IFN and thus, make them ready to secrete

IFN-I independently of the IFNAR signaling [83].

The major subsets of cDC in the murine respiratory

mucosa are characterized by either CD103 or CD11b

expression. Similarly, human cDC are divided into

CD141+ (BDCA3+) and CD1c+ (BDCA1+) cells. In

steady-state conditions, CD103+ DC (homologs to human

CD141+ DC) are situated in the basolateral space and

extend their processes between epithelial cells to recog-

nize the pathogen in the airway lumen. Upon antigen

capture, mature DC migrate towards the draining lymph

node in response to IFN-l in a CCR7-dependent manner

and present viral antigen to CD4+ and CD8+ T cells

[84,85�]. Moreover, CD103+ DC further promote T cell

responses by upregulating the costimulatory molecules

CD40, CD86, CD80, and increasing the secretion of

inflammatory cytokines, such as IL-6, IL-4, IL-13, IL-

10 and IL-22 [86,87].

Mice that lack cross-presenting CD103+ DC or the tran-

scription factor critical for the development of these cells,

fail to induce protective immunity by abolishing CTL-

mediated IFN-g production [88�]. Moreover, the deple-

tion of this cell type in the lungs following influenza

infection causes an impairment in the survival signals

produced by DC that are important to regulate viral-

specific T cells responses and to prevent premature

apoptosis of these cells [85�,89].

Early inflammation and immunopathology
The complexity of the innate immune response to influ-

enza virus includes a variety of redundant signaling path-

ways that tightly regulate both cellular and inflammatory

responses. As previously mentioned, pro-inflammatory

signals are usually beneficial at early time post-infection

to prevent high viral loads and systemic viral dissemina-

tion. However, the prolonged or exacerbated release of

cytokines and chemokines contribute to influenza-driven

pneumonia and multi-organ failure [90]. Therefore, the

disruption of the balance between inflammation and

tissue damage defines the outcome of influenza infection.

The concept of ‘cytokine storm’ was introduced to

describe the hyper-inflammatory phenotype associated

with severe influenza [91]. This scenario recurs continu-

ously within newly emergent viruses, pandemic and viral

zoonotic infections [92]. Several pro-inflammatory cyto-

kines have been linked with cytokine storms, including

IFN, tumor necrosis factors, and different interleukins

[91,93]. However, IFN can also have deleterious roles in

chronic infections leading to inflammatory disorders and

autoimmunity [94,95]. For example, prolonged IFN-

a/b-production in acute influenza infection induces
Current Opinion in Physiology 2021, 19:175–186
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uncontrolled inflammation [28]. Moreover, IFN-l signal-

ing contributes to lung pathology by inhibiting epithelial

cells proliferation and by causing tissue damage [96��]. In

addition, the differential expression of IRF is usually

linked with pathogenicity [97,98]. For instance, inhibition

of IRF7 can prevent acute lung injury caused by exces-

sive IFN-a release [99,100]. Little is known regarding the

implication of other IRF in hyper-inflammation. How-

ever, it has been recently described that IRF5 is one of

the inducer of the cytokine storm during influenza infec-

tion [101,102].

Additionally, other influenza-related lung inflammatory

factors, such as TNF-a and IL-6, have been associated

with cytokine storm, driving fatal respiratory failure in

human cases and in animal models [103,104]. For

instance, high levels of TNF-a in the airways have been

associated with alteration of vascular permeability and

disruption of epithelial layer [105,106]. Conversely, the

blockage of TNF-a significantly reduced lung immuno-

pathology by inhibiting the overproduction of IFN-y and

IL-6 [107,108].

In a similar way, the elevated levels of IL-6 associates

with hyper-inflammation in a model of influenza and in

other respiratory infections, such as SARS-CoV-2 [109].

Therefore, the blockage of IL-6 at later stages of inflec-

tion has been proposed as a way to control persistent

infections [109,110].

Conclusion
In this review, we have developed a comprehensive

understanding of the most recent mechanisms involved

in the inflammatory response revealing the two pro-

inflammatory waves triggered by influenza infection.

Considering the strong connection between inflammation

and innate immune response, we have stressed the rele-

vance of cytokines and chemokines on the inflammatory

process and the recruitment of innate immune cells that

can help us to understand better infectious diseases.

Although the inflammatory response is important for

control of viral dissemination, it has also been associated

with lung damage and failure. Therefore, promoting the

correct balance between the beneficial effect of inflam-

mation and the detrimental hyper-inflammatory condi-

tion is critical to develop future therapeutic strategies

against influenza virus.
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How the innate immune system initially recognizes the replicat-
ing influenza virus is an important determinant of the infec-
tion outcome1. However, there is limited knowledge about 

these early immune defence mechanisms and how they affect disease 
progression. The host immune system first encounters influenza virus 
in the upper airways to which initial virus replication is restricted2. 
Later, infection progresses to the lower respiratory tract through the 
airway epithelium of the trachea; this is essential for the development 
of the acute phase of the disease3. Most of the knowledge about the 
immune response in the trachea has been gained from studies focus-
ing on the pulmonary phase of the infection2; therefore, there is a need 
for better characterization of the early response in the trachea.

The immune response to airborne pathogens involves their rec-
ognition by macrophages and dendritic cells (DCs) located under-
neath the mucosal cell layer4. Tracheal DCs have been divided into 
subtypes according to their anatomical location and expression of 
surface markers4,5. One of the best-studied subtypes is the resident 
conventional DCs (cDCs) that have an important role in initiat-
ing the adaptive response by migrating to regional lymph nodes 
(LNs) and presenting antigen to T cells6. A second group of DCs, 
the inflammatory DCs (IDCs), perform their function at the site 
of infection7. IDCs are an important source of cytokines such as 
tumour-necrosis factor (TNF) and inflammatory molecules such as 
nitric oxide8. However, the precise functions of IDCs during influ-
enza infection have not been identified.

The activation of these cells is associated with the detection of 
viral components by pattern-recognition receptors commonly 
expressed by DCs9. C-type lectin receptors are pattern-recognition 
receptors that bind specific pathogen-associated carbohydrate 
structures10. The C-type lectin receptor DC-specific intercellular 
adhesion molecule-3-grabbing non-integrin (DC-SIGN) murine 
homologue SIGN-R1 is known to directly recognize bacterial11, 
viral12 and fungal13 pathogens. Previous studies have described the 
presence of cells expressing SIGN-R1 in the skin, lungs and in sec-
ondary lymphoid organs such as the spleen14 and LNs12. However, 
the specific function of this receptor in the response against infec-
tious virus is not known.

Here, we show that IDCs are recruited into the tracheal epithe-
lium and recognize influenza virus via SIGN-R1. The production 
of inflammatory chemokines by these cells induces the recruitment 
of natural killer (NK) cells, which is essential for the control of viral 
replication in the trachea.

Results
Influenza infection induces the recruitment of IDCs to the tra-
chea. To characterize the inflammatory response that occurs in 
the trachea following influenza infection, we infected mice with 
200 plaque-forming units (p.f.u.) of the mouse-adapted influenza 
virus strain PR8. We confirmed, using confocal microscopy, that 
the virus was able to initially infect the tracheal epithelial cell layer 
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(Supplementary Fig. 1a). Next, using flow cytometry analysis of 
the expression of cell-surface markers4,7,15, we characterized tra-
cheal cell populations: IDCs, plasmacytoid DCs (pDCs), CD103+ 
cDCs, CD11b+ cDCs and resident respiratory tract macrophages 
(RTMs) (Fig. 1a). We observed a prominent recruitment of IDCs 
at 3 days post infection (d.p.i.) (Fig. 1b). Previous studies have 
reported that CCR2+Ly6Chigh monocytes are precursors of IDCs16. 
Therefore, we confirmed the monocytic origin of these cells based 
on their expression of CCR2 (Fig. 1c), in contrast to the other DC 
subtypes (Supplementary Fig. 1b). Furthermore, we observed that, 
in IDCs, CCR2 is eventually downregulated, as the expression of 
the maturation marker major histocompatibility complex (MHC) 
class II increases (Supplementary Fig. 1c). Next, we studied the spe-
cific effect on IDCs when infecting CCR2-knockout (KO) mice. We 
confirmed by flow cytometry that, at 3 d.p.i., IDC numbers were 
significantly reduced in CCR2-KO mice, compared with their wild-
type (WT) counterparts (Fig. 1d). However, we did not detect any 
significant variation in the total number of the other cell types ana-
lysed (Supplementary Fig. 1d).

Recruited IDCs are in close proximity to the tracheal epithelium 
during influenza infection. To study the location of the DC net-
work in the mucosal tissue, we used confocal microscopy to pro-
duce three-dimensional (3D) reconstructions of mouse tracheas 
from mice expressing CD11c–yellow fluorescent protein (YFP). We 
observed that in uninfected mice, CD11c+ DCs were distributed 
homogeneously above the basement membrane, in proximity to the 
epithelial cell layer (Fig. 2a). To study the specific location of the 

different subsets of DCs and RTMs before and after influenza infec-
tion, we stained explants from tracheas of CD11c–YFP mice with 
antibodies against CD11b and Ly6C (Fig. 2b and Supplementary 
Fig. 2a). Consistent with the flow cytometry data, we could not 
detect any IDCs in uninfected animals (Supplementary Fig. 2b). 
In the infected mice, we found that recruited IDCs were located 
towards the lumen of the trachea, unlike the other cell types, which 
were mainly located in the lamina propria (Fig. 2c).

Type I interferon-dependent CCL2 production recruits IDC 
precursors to the trachea. To characterize the antiviral response 
that leads to the recruitment of IDCs, we assessed the expression 
of type I interferon (IFN) in the trachea. We observed a significant 
upregulation of the transcript levels of both Ifna and Ifnb during 
the first 2 d.p.i. (Fig. 3a). Moreover, cytoplex analysis confirmed 
that protein levels of IFN-β were significantly elevated in both WT 
and CCR2-KO mice at 3 d.p.i. (Fig. 3b). We also detected a signifi-
cant increase in levels of RNA encoding the chemokine CCL2—a 
CCR2 ligand—during the first 3 d.p.i. (Fig. 3c), coinciding with an 
increase in CCL2 protein (Fig. 3d). RTMs, together with pDCs and 
IDCs, were the main producers of CCL2 (Supplementary Fig. 3a, b).  
Interestingly, we observed a similar pattern of expression for  
CCL2 and type I IFN during the first 7 d.p.i. (Supplementary Fig. 3c),  
concurrent with IDC recruitment to the trachea. To examine 
whether the expression of the two cytokines is linked, we analysed 
CCL2 protein levels in mice deficient in the type I IFN receptor 
(IFNAR). This analysis showed that signalling through IFNAR was 
required for secretion of CCL2 (Fig. 3d). In addition, we observed a 
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Fig. 1 | Influenza infection promotes early recruitment of IDCs to the trachea. a, Flow cytometric characterization of IDCs (CD45+MHCII+CD11c+CD11b+
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DC subsets and RTMs in trachea at 0, 3, 5 and 7 d.p.i. with influenza virus PR8 (n = 3, 4, 4 and 4 mice per group, respectively). c, Representative histogram 
showing surface expression of the chemokine receptor CCR2 in tracheal IDCs at 0 and 3 d.p.i. d, Flow cytometric analysis showing a significant reduction 
in the number of IDCs in tracheas from CCR2-KO mice compared with the WT group at 3 d.p.i. Left: a representative scatter plot at 3 d.p.i. Right: IDC 
quantification (n = 4 mice per group). Data are representative of at least three independent experiments, presented as mean ± s.d. and analysed by  
two-tailed Student’s t-test.
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marked decrease in the numbers of CCR2+ monocytes in tracheas 
from IFNAR-KO mice at 3 d.p.i. (Fig. 3e) and a similar reduction 
in the number of IDCs (Fig. 3f), consistent with the role of CCR2+ 
monocytes as IDC precursors.

IDCs express the lectin receptor SIGN-R1 that recognizes gly-
cosylated influenza viral proteins. We assessed the expression of 
SIGN-R1 in the mononuclear phagocytic cell compartment of the 
trachea using flow cytometric analysis. We found that SIGN-R1 
was highly expressed by IDCs at 3 d.p.i. (Fig. 4a,b). Moreover, 3D 
confocal microscopy revealed that SIGN-R1 colocalized with DiO-
labelled influenza virus after 1 h of incubation (Fig. 4c), suggesting 
that this C-type lectin, expressed in IDCs, is able to bind influenza 
virus. To examine this possibility, we performed enzyme-linked 

immunosorbent assay (ELISA), which confirmed that SIGN-R1 
binds with high affinity to whole influenza virus (with half-maximal 
effective concentration, EC50 = 1.67 μg ml−1; Supplementary Fig. 4a).  
To further investigate this interaction, we performed surface  
plasmon resonance (SPR) assays, which showed that SIGN-R1  
binds the haemagglutinin (HA) glycoprotein of influenza PR8 
virus with an equilibrium dissociation constant (KD) of 142 nM 
(Fig. 4d, top). Next, to evaluate whether the binding of influenza 
virus to SIGN-R1 could be abrogated by interfering with glyco-
sylation, we removed glycan moieties from HA using different 
glycosidases. We used endoglycosidase H to eliminate mannose 
glycosylation from HA. However, since all later oligosaccharide 
structures are resistant to endoglycosidase H, we also used peptide–
N-glycosidase F (PNGase F), which cleaves between the innermost 
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N-acetylglucosamine and asparagine residues of high-mannose 
glycans regardless of the complexity of the glycan. We monitored 
glycosylation removal by western blotting of the protein after  
treatment and found that PNGase F was the most efficient enzyme 
for removal of all N-linked glycans (Supplementary Fig. 4b).  
After N-linked glycans were removed from HA, we could no lon-
ger detect binding with SIGN-R1 (Fig. 4d, middle). Of note, HA 
still bound to the monoclonal antibody H36-717 following removal 
of N-linked glycans (Supplementary Fig. 4c), indicating that HA 
remained correctly folded after PNGase F treatment. Next, we 
performed binding assays with different HA subtypes to investi-
gate the possibility that SIGN-R1 recognizes other flu strains. In 
agreement with the affinity measurement by SPR, we observed 
high binding titres (EC50 value shown) for H1 (PR8 (0.66 μg ml−1) 
and New Caledonia (0.81 μg ml−1)), H3 (1.19 μg ml−1) and H5 

(1 μg ml−1) strains (Fig. 4e). In addition, SIGN-R1 binding was also 
observed with neuraminidase subtype 1 (N1) (EC50 = 0.63 μg ml−1; 
Supplementary Fig. 4d). In this assay, FI6, an antibody specific  
for the stem region of HA18, was included to confirm that the 
observed binding was not due to HA contamination in the N1 
purification. Of note, SIGN-R1 also bound to other respiratory 
viruses, such as the human respiratory syncytial virus19 (RSV; 
EC50 = 0.98 μg ml−1) and the human metapneumovirus20 (MPV; 
EC50 = 1.14 μg ml−1) (Supplementary Fig. 4a). In sum, these results 
indicate that SIGN-R1 recognizes several viruses by targeting the 
carbohydrate moiety of glycoproteins. Moreover, we observed that 
addition of a SIGN-R1-blocking antibody significantly reduced the 
binding of DiO-labelled influenza PR8 to SIGN-R1+ IDCs (Fig. 4f), 
confirming the role of this receptor in the attachment of the virus 
on IDCs.
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of SIGN-R1 signal. b, Representative scatter plots showing the percentage of SIGN-R1+ IDCs in trachea at 3 d.p.i. Values indicate the frequency of SIGN-R1+ 
IDCs. FMO, fluorescence minus one. c, Representative 3D reconstruction of confocal micrographs showing colocalization between DiO-labelled PR8 (PR8–
DiO) and SIGN-R1 (white arrows), expressed in an IDC 1 h after culture. Scale bars, 2 μm (left); 0.5 μm (right). d, Sensogramms of SPR analysis of the HA-
binding affinity of SIGN-R1–Fc with or without glycosylation (after treatment with PNGase F), with different concentrations of H1, below their respective 
kinetic parameters, calculated by SPR using purified proteins. KD, equilibrium dissociation constant; Ka, association rate constant; Kd, dissociation rate 
constant; N.B., no binding detected. e, ELISA analysis of the HA-binding titre from different subtypes of the recombinant mouse SIGN-R1–Fc (n = 2 
replicates per group). f, Left: flow cytometric analysis showing the capture of PR8–DiO by SIGN-R1+ IDCs after an incubation period of 1 h with the virus. In 
the anti-SIGN-R1 group, binding was inhibited by administration of a blocking antibody before incubation with the virus. Values represents the frequency 
of DiO+ SIGN-R1+ IDCs. Right: MFI of PR8–DiO by IDCs treated with SIGN-R1-blocking antibody (anti-SIGN-R1) in relation to the control groups (n = 4, 
4 and 3 replicates per respective group). NC, negative control. The presented data are representative of at least three (a–c,f) or two (d,e) independent 
experiments. Data are mean ± s.d. (a,b,f), mean ± s.e.m. (d) or mean only (e).
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SIGN-R1 is involved the production of inflammatory chemo-
kines by IDCs and the recruitment of NK cells into the tracheal 
mucosa. To investigate the role of IDCs as inducers of the inflam-
matory response, we studied the production of different chemo-
kines in tracheal lavage from CCR2-KO and SIGN-R1-KO mice at 
3 d.p.i. We found that the absence of IDCs or SIGN-R1 resulted in a 
significant reduction in the levels of the chemokines CCL5, CXCL9 
and CXCL10 (Fig. 5a,b and Supplementary Fig. 5a). Furthermore, 
the reduced chemokine expression in SIGN-R1-KO mice was not 
a result of a deficiency in DCs and RTMs relative to WT mice 
(Supplementary Fig. 5b). The specific expression of these chemo-
kines by IDCs and their reduced levels in SIGN-R1-KO mice were 
confirmed intracellular staining and flow cytometry (Fig. 5c–f). To 
examine whether the observed differences were due to the direct 
interaction of SIGN-R1 with viral proteins, we isolated IDCs gener-
ated by intranasal administration of polyinosinic:polycytidylic acid 
(Poly I:C); these IDCs exhibited similar SIGN-R1 expression levels 
to those in tracheal IDCs at 3 d.p.i. (Supplementary Fig. 5c). We 
incubated these IDCs in vitro with a vaccine suspension contain-
ing HA. Twelve hours after stimulation, WT IDCs treated with HA 
showed increased production of CCL5 compared with untreated 
controls, whereas SIGN-R1-KO IDCs did not (Supplementary Fig. 
5d). We also confirmed that IDCs were the main source of these 
chemokines in the trachea at 3 d.p.i. and that SIGN-R1 deficiency 
reduced chemokine expression levels only in IDCs (Fig. 5g,h and 
Supplementary Fig. 5e). To investigate the roles of CCL5, CXCL9 
and CXCL10 in the recruitment of NK cells to the infection site21, 
we developed a flow cytometry assay (Fig. 5i) to detect the infiltra-
tion of NK cells in the trachea (Fig. 5j). We observed an early peak 
in the number of NK cells in the infected trachea, which coincided 
with the peak of IDCs at 3 d.p.i. Moreover, confocal microscopy 
analysis indicated that the majority of NK cells were positioned 
towards the luminal side, in close proximity to IDCs (average dis-
tance of 66.2 µm; Fig. 5k,l and Supplementary Fig. 5f). On aver-
age, 25.5% of the NK cells analysed established contacts with IDCs 
(Supplementary Fig. 5g). Furthermore, we observed that NK cells 
expressed the receptors CCR5 and CXCR3, which bind to the che-
mokines CCL5, CXCL9 and CXCL1022, but not to CCR2 (Fig. 5m). 
The recruitment of tracheal NK cells was partly dependent on IDCs, 
as demonstrated by the reduced number of these cells in CCR2-KO 
and SIGN-R1-KO mice (Fig. 5n).

SIGN-R1+ IDCs are required to control influenza infection. 
Next, we investigated the involvement of IDCs in the activation 
and functional properties of the recruited NK cells. We detected a 
significant decrease in the number of cells positive for the markers 
CD69, granzyme B, perforin, NKG2D, NKp46, CD11b and IFN-γ 
in CCR2-KO and SIGN-R1-KO mice relative to WT mice at 3 d.p.i. 
(Fig. 6a). The observed decrease also correlated with a significant 
decrease in the frequency of NK cells positive for the same mark-
ers and the expression levels of CD69, granzyme B, CD11b and 
IFN-γ, but not of perforin, NKG2D and NKp46, in NK cells from 
CCR2-KO and SIGN-R1-KO mice (Fig. 6b and Supplementary  
Fig. 6a). We detected a significant increase in the transcription levels  
of Il18 in WT mice during the first 3 d.p.i. (Fig. 6c); the magni-
tude of this increase was significantly reduced in CCR2-KO and 
SIGN-R1-KO mice (Fig. 6d). To study how the absence of IDCs, 
NK cells or SIGN-R1 affected the progression of influenza infec-
tion, we measured viral titres in tracheas from CCR2-KO and 
SIGN-R1-KO mice and in mice treated with NK1.1-depleting anti-
body at 3 d.p.i. We observed an increase in the influenza titres in all 
of the examined groups relative to the WT control (Fig. 6e). These 
results correlated with increased mortality (Fig. 6f) and weight loss  
(Fig. 6g) in all of the deficient groups. Finally, we analysed the  
levels of influenza-specific antibodies in WT and SIGN-R1-KO 
mice at 5 and 10 d.p.i. (Supplementary Fig. 6b) with a sublethal dose 

of influenza virus. The results show that at 5 d.p.i., the mice had very 
low or undetectable titres of influenza-specific antibodies and that 
SIGN-R1-KO mice showed no deficiency in antibody production at 
later time points after infection.

Discussion
In this study, we aimed to elucidate the mechanism by which IDCs 
contribute to the control of influenza infection. Initially, we charac-
terized the origin of the recruited IDCs. Previous studies had con-
firmed Ly6ChighCCR2+ monocytes as the precursors of IDCs at the 
site of infection16. Here we observed that following their recruitment 
to the trachea, monocytes differentiated to IDCs and exhibited high 
expression of MHCII and CD11c and downregulation of CCR2. 
The prominent expression of CCR2 in IDC progenitors suggested 
a critical role for its ligands, CCL2 and CCL7, in the regulation of 
their migration to the inflamed tissue23,24. The observed increase in 
the expression of CCL2 described in this study is probably asso-
ciated with the recruitment of monocytes from the bone marrow 
to the bloodstream25 and facilitates monocyte trafficking across an 
epithelial cell monolayer26.

Previous studies demonstrated that type I IFN signalling is 
necessary for the enhancement and maintenance of CCL2 levels27. 
Accordingly, we observed an early and pronounced expression of 
type I IFN in the trachea following influenza infection. Moreover, 
we showed that this signalling pathway was necessary for CCL2 
production in the trachea, as IFNAR-KO mice exhibited a severe 
reduction in the levels of this chemokine. This result correlated with 
a complete inhibition of the recruitment of CCR2+ monocytes and 
IDCs in the infected trachea. A similar effect on CCL2 production 
was previously reported in the draining LN of IFNAR-KO mice 
after vaccination with a non-replicative ultraviolet (UV)-inactivated 
PR828. However, we cannot discount the possible effect that lack of 
viral control in IFNAR-KO mice29 might have on the production of 
CCL2 and cell recruitment in the infected trachea.

Furthermore, we demonstrated that, following their recruitment 
in the trachea, IDCs are positioned in close proximity to the epithe-
lial cell layer, which suggests a role of IDCs in sensing viral particles 
generated by infected epithelial cells. Moreover, it has been shown 
that IDCs from lungs have the capacity to internalize viral particles 
during influenza infection30. Therefore, we might expect a similar 
function of IDCs capturing influenza virus in the trachea.

C-type lectin receptors have recently emerged as inducers of 
the expression of specific genes in response to pathogens31. In our 
investigation, we studied the expression of the C-type lectin recep-
tor SIGN-R1 in IDCs in the trachea. Our data showed that SIGN-R1 
participates in the recognition of influenza virus, as blocking of this 
receptor affected the capture of PR8 by IDCs. We confirmed this 
hypothesis using SPR and demonstrated that SIGN-R1 binding to 
HA is glycosylation-dependent. Moreover, SIGN-R1 was able to rec-
ognize another surface protein of influenza virus, neuraminidase, 
and other viruses with a comparable glycosylation pattern. These 
results relate to the capacity of SIGN-R1 to bind the mannose pres-
ent on HA from all influenza virus subtypes. Thus, we demonstrated 
that SIGN-R1 is a key receptor that is able to bind a number of viral 
glycoproteins by targeting the carbohydrate moiety. This property 
could be used for the development of therapeutic agents that could 
block the infection of a wide range of influenza virus subtypes. In 
addition, it has been previously demonstrated that SIGN-R1 recog-
nizes other airborne pathogens such as Streptococcus pneumoniae11 
or Mycobacterium tuberculosis32, suggesting its potential therapeutic 
use for controlling airborne bacterial infections.

We also demonstrated that SIGN-R1 binding to influenza virus is 
necessary for the secretion of inflammatory cytokines, as expression 
in IDCs enhanced the production of CCL5, CXCL9 and CXCL10. 
Furthermore, we observed that CCL5 expression was not increased 
in SIGN-R1-KO IDCs when they were stimulated in vitro with HA. 
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Fig. 5 | SIGN-R1 is involved the production of inflammatory chemokines by IDCs and the recruitment of NK cells into the tracheal mucosa.  
a,b, Levels of secreted CCL5 (a) and CXCL9 (b) in tracheas (WT, n = 5; CCR2-KO, n = 4; SIGN-R1-KO, n = 4 mice per group). c–f, Representative  
MFI of CCL5 (c,e; WT, n = 3 and 6; SIGN-R1-KO, n = 3 and 7 mice per time point) and CXCL9 (d,f; WT, n = 3 and 5; SIGN-R1-KO, n = 3 and 4 mice per  
time point) expression in tracheal IDCs at 3 d.p.i. g,h, Expression levels of CCL5 (g; WT, n = 6; SIGN-R1-KO, n = 7 mice per group) and CXCL9 (h; WT,  
n = 5; SIGN-R1-KO, n = 4 mice per group) by different cell types at 3 d.p.i. i,j, Quantification of NK cells (CD3−B220−NK1.1+) in mouse trachea (n = 4 mice 
per group). k, Three-dimensional reconstruction from confocal micrographs of a trachea at 3 d.p.i. showing the proximity of the IDCs (white) and  
NK cells (green) to the basement membrane (violet). White arrows indicate IDC interactions with NK cells. Scale bars, 40 μm (main panels) and 5 μm 
(expanded region). l, Box plot showing the anatomical position of IDCs (white) and NK cells (green) in relation to the basement membrane in the tracheal 
mucosa at 3 d.p.i. (data are based on analysis of three confocal reconstructions; IDC, n = 63; NK cells, n = 102). m, Surface expression of chemokine 
receptors in tracheal NK cells at 3 d.p.i. (n = 3 mice per group). n, Quantification of total number of NK cells in tracheas at 0 and 3 d.p.i. (WT, n = 8 and 
9; CXCR3-KO, n = 3 and 4; SIGN-R1-KO, n = 7 and 8; CCR2-KO, n = 4 and 4 mice per time point). Data are representative of at least three independent 
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Student’s t-test.
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However, we did not observe significant production of CXCL9 and 
CXCL10. This might be related to the technical limitations of the 
in vitro model, in which IDCs do not receive additional activation 
signals (such as IFN-γ) that are required for the expression of these 
two chemokines33.

CCL5, CXCL9 and CXCL10 are involved in the recruitment  
of T  cells and NK cells to the site of infection34,35. In the present 
study, we concluded that the reduction in the number of NK cells 
observed in SIGN-R1-KO mice was due to the reduced expression  
of these cytokines as a result of the lack of activation of tracheal  
IDCs. However, due to limitations in the in  vivo model of infec-
tion—such as the absence of a mutant influenza virus lacking gly-
cosylation—we cannot rule out that an alternative mechanism, 
independent of SIGN-R1 binding to viral proteins, might be respon-
sible for the observed phenotype. The importance of NK cells dur-
ing viral infection has been previously demonstrated in humans36 
and in mice, where the absence of NK cells was associated with a 
higher susceptibility to influenza virus37. In this study, we postulate 
that newly recruited NK cells perform effector functions intended 
to control the spread of the virus. In support of this hypothesis,  
we detected a robust expression in the recruited NK cells of the 
cytotoxic receptors NKG2D and NKp46, which are involved in 

the recognition of virus-associated molecules and the activation of 
these cells38.

Furthermore, in CCR2-KO and SIGN-R1-KO mice we observed 
a reduced infiltration of NK cells expressing IFN-γ, granzyme B and 
perforin. These molecules are critical for the effector function of 
NK cells39–42. However, we also detected a decrease in the expres-
sion levels of CD69, granzyme B, CD11b and IFN-γ, which indi-
cates that SIGN-R1+ IDCs contribute to the activation of NK cells 
during influenza infection. Previous studies have demonstrated that 
IL-18 plays an important role in NK cell activation43 and IDCs have 
the capacity to produce IL-1844. Here we observed reduced levels of 
IL-18 in infected SIGN-R1-KO and CCR2-KO mice. Therefore, we 
believe that IDCs secrete IL-18, which promotes the activation and 
effector function of NK cells during influenza infection.

The increase in the viral titres observed in CCR2-KO and SIGN-
R1-KO mice might be associated with a deficiency in the activa-
tion and recruitment of NK cells in these mouse models. These 
data support the role of IDCs in controlling the initial replication of 
the virus, as suggested by previous studies with influenza-infected 
CCR2-KO mice45. Interestingly, CCR2-KO mice exhibited increased 
viral levels and increased mortality after infection compared  
with SIGN-R1-KO mice, which coincided with reduced chemokine  
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Fig. 6 | SIGN-R1+ IDCs are required to control influenza infection in the trachea. a,b, Quantification of total numbers (a) and MFI (b) of CD69+, granzyme 
B+, perforin+, NKG2D+, NKp46+, CD11b+ and IFN-γ+ NK cells at 3 d.p.i. (WT, n = 9, 9, 8, 9, 9, 9 and 8; CCR2-KO, n = 5, 3, 3, 5, 5, 5 and 5; SIGN-R1-KO, n = 9, 
9, 9, 9, 9, 9 and 8 mice, respectively). c, Time course showing expression of Il18 mRNA in trachea during the first three days after infection (n = 4 mice per 
group). d, Expression levels of Il18 mRNA in trachea from WT, CCR2-KO and SIGN-R1-KO mice at 3 d.p.i. (WT, n = 3 and 5; CCR2-KO, n = 6; SIGN-R1-KO, 
n = 6 mice per group). e, Virus titre in trachea from WT, CCR2-KO and SIGN-R1-KO mice and mice treated with NK1.1-depleting antibody (anti-NK1.1), 
determined by 50% tissue culture infective dose (TCID50) assay at 3 d.p.i. with influenza virus (n = 4 mice per group). f,g, Mortality and morbidity analysis 
by determining survival (f) and weight loss (g) of WT, CCR2-KO and SIGN-R1-KO mice and mice treated with NK1.1-depleting antibody or isotype control 
mice after infection with influenza virus (n = 8 mice per group). In g, dashed lines indicate no changes in the body weight of mice (0%) and the limit 
of body weight loss, after which animals are considered to have reached the experimental end point (−20%). Data are representative of at least two 
independent pooled experiments (a,b) or at least three independent experiments (c–g). In a,b and g, data are mean ± s.d. In c–e, boxes show 25th to 75th 
percentiles, lines represent the median and whiskers show minimum and maximum values. Two-tailed Student’s t-test (a–e); Mantel–Cox method (f).

NATURe MICRObIOLOGY | www.nature.com/naturemicrobiology

http://www.nature.com/naturemicrobiology


ArticlesNATuRe MICRobIoLoGy

production and NK-cell activation. This could be related to the 
severe reduction in IDC numbers in this strain rather than a defi-
ciency in other cell subtypes or immune mechanisms. IDCs are 
known to also produce other cytokines, such as TNF and nitric 
oxide8, which limit influenza virus infection46,47. Conversely, other 
reports have observed a lower susceptibility of CCR2-KO mice 
compared with WT animals after infection with influenza virus48,49. 
This discrepancy has been proposed to be related to the differences 
in the experimental conditions, such as the concentration of the 
virus used for the initial infection50.

In conclusion, we demonstrated that IDCs have an important 
role in the initial events of the immune response against influ-
enza infection through the direct recognition of viral particles by 
SIGN-R1 and the secretion of chemokines that recruit and activate 
NK cells in the tracheal mucosa. Consequently, NK cells contrib-
ute to the early elimination of virus-infected cells in the trachea 
(Supplementary Fig. 6c).

Methods
Mice. C57BL/6 mice were bred in-house or acquired from Janvier Labs. SIGN-R1-
KO32 mice were donated by O. Neyrolles (Institut de Pharmacologie et de Biologie 
Structurale, Toulouse, France). The following transgenic strains with a C56BL/6 
background were used: CD11c-YFP51, CCR2-KO52 and IFNAR-KO53. Mice were 
maintained in specific pathogen-free facilities at the Institute for Research in 
Biomedicine, Bellinzona. Experiments were performed in accordance with the 
Swiss Federal Veterinary Office guidelines and animal protocols were approved by 
the local veterinary authorities.

Antibodies. The fluorescently labelled antibodies for cell-surface phenotypic 
staining, cell sorting and intracellular staining are listed in Supplementary 
Table 1. The following depletion antibodies were used: for NK cells, NK1.1 
(PK136, BioXcell) and mouse IgG2a (C1.18.4, BioXcell) as isotype control. The 
following antibodies were used for ELISA: FI6 (HUMABS BioMed); alkaline 
phosphatase AffiniPure goat anti-human IgG, Fcγ-fragment specific (Jackson 
Immunoresearch); human anti-F (RSV) IgG1 (MPE8, HUMABS BioMed) as 
isotype control; and alkaline-phosphate-conjugated goat anti-mouse total IgG, 
IgG1, IgG2a, IgG2b, IgG3, IgM and IgA antibodies (Southern Biotec). For the SPR 
assays, monoclonal antibody H36-717 was used as positive control.

Virus production, generation of recombinant influenza virus, infection 
and survival assay. The influenza virus strain A/PR/8/34 was grown, purified, 
inactivated and labelled as described previously12. To generate the recombinant 
influenza virus PR8 carrying an mCherry reporter (rPR8-NS1-mCherry), a 
plasmid encoding the NS1 of PR8 fused with mCherry gene was constructed by 
overlapping fusion PCR. In brief, the NS1 open reading frame without the stop 
codon was fused to the N terminus of mCherry via a GSGRRQAGGT linker region 
(NS1–mCherry). mCherry was followed by a short GSGSG linker, a 19-amino 
acid 2A autoproteolytic site (ATNFSLLKQAGDVEENPGP) derived from porcine 
teschovirus-1 and by the nuclear export protein open reading frame. The first 147 
nucleotides of the nuclear export protein were silently mutated. Silent mutations 
were also introduced into the endogenous splice-acceptor site in the NS1 open 
reading frame to prevent splicing. The rPR8-NS1-mCherry virus was rescued 
using standard reverse-genetics techniques. Age-matched (6–8 week old) female 
mice were anaesthetised with a mix of ketamine (100 mg per kg (body weight), 
Parke Davis) and xylazine (10 mg per kg (body weight), Bayer) and intranasally 
inoculated with 40 µl (20 µl in each nostril) containing 200 p.f.u. of influenza virus. 
In survival studies, mice were monitored daily for up to 12 d and sacrificed when 
weight loss was more than 20%. For NK-cell depletion, 200 µg of the depletion 
antibody NK1.1 (see ‘Antibodies’) was administered intraperitoneally 2 d before 
infection and 1 d.p.i. For analysis of influenza-specific antibodies, mice were 
infected with 70 p.f.u. of influenza virus. The human RSV virus (A2 strain) was 
obtained from ViraTree and propagated and expanded in human epithelial type 2 
(HEp-2) cells. The MPV virus (strain A1/6621/01) was propagated and expanded 
in rhesus monkey kidney epithelial (LLC-MK2) cells.

Flow cytometry. Tracheas were collected from the larynx to the tracheal 
bifurcation, mechanically disrupted with scissors and digested for 45 min at 37 °C 
in an enzyme mix composed of DNase I (0.28 mg ml−1, Amresco) and 0.26 U ml−1 
Liberase TL Research Grade (Roche) in RPMI 1640 Medium (Gibco) followed 
by a stop solution of 2 mM EDTA (Sigma-Aldrich) and 2% heat-inactivated 
filter-sterilized Fetal Calf Serum (Thermo Fisher Scientific) in PBS (Sigma-
Aldrich). Single-cell populations were obtained by forcing the remaining tissue 
pieces through a 40 µm strainer followed by lysis of red blood cells. Fc receptors 
from the isolated cells were blocked (CD16/32, Biolegend) followed by surface 
staining and analysis by flow cytometry on a LSRFortessa (BD Biosciences). 

Where indicated, intracellular staining was performed using Intracellular Fixation 
and Permeabilization Buffer Set (eBioscience) following the manufacturer’s 
instructions. Dead cells were excluded using Zombie Aqua fixable viability dye 
(Biolegend) and data were analysed using FlowJo software (TriStar Inc.; v10.1).

SIGN-R1 blocking assays. Tracheas were processed as for flow cytometric analysis 
and tracheal IDCs in single-cell suspensions were sorted using a FACSAria IIIu 
(BD Biosciences) on the basis of their expression markers (CD45+CD11c+MH
CII+CD11b+Ly6Chigh). IDCs were dispensed into a round-bottom 96-well plate 
containing 5 × 104 cells in 100 µl of RPMI 1640 Medium (Gibco) per plate and 
cultured for 2 h at 37 °C. Following this, cell suspensions were incubated with 1 µg 
of fluorescently labelled SIGN-R1-blocking antibody or isotype control antibody 
for 30 min on ice (see ‘Antibodies’). After washing, cell suspensions were (except 
for negative control wells) incubated with 5 × 105 p.f.u. of DiO-labelled UV-
inactivated PR8 for 1 h on ice. Finally, after washing, IDC suspensions were surface 
stained using 1 µg of fluorescently labelled SIGN-R1-blocking antibody, fixed and 
analysed by flow cytometric analysis.

Immunohistology of tracheal explants. Immunofluorescence confocal 
microscopy was performed using a Leica TCS SP5 confocal microscope using 
sequential acquisition to limit the signal crosstalk. For immunofluorescence 
images shown in Figs. 2 and 5 and Supplementary Figs. 1 and 2, tracheas were 
collected and fixed in 4% paraformaldehyde at 4 °C for 1 h. Then, in cases where 
the epithelial cell layer was stained, a solution containing 10 µM of CellTracker 
Orange ((5-(and-6)-(((4-chloromethyl)benzoyl) amino)tetramethylrhodamine)) 
(CMTMR) (Thermo Fisher Scientific) or 5 µM Cell Trace Violet (Thermo Fisher 
Scientific) was placed in the intraluminal space of the trachea and explants were 
incubated for 30 min at 7 °C and washed three times with PBS. Next, they were 
blocked with sera from the same host that the indicated antibodies used for 
staining. The antibodies used for staining were diluted in 0.01% Triton + 1% BSA 
in PBS and incubated with the tracheal explans for 4 h at 4 °C with shaking (see 
‘Antibodies’). Tracheas were cut into two halves along the long axis. Pieces were 
placed on a microscopy slide and embedded in Fluoromount Aqueous Mounting 
Medium (Sigma-Aldrich). Three-dimensional images were acquired using a 
HCX PL APO CS ×20 0.7 numerical aperture oil-immersion objective (z step was 
1 μm for a total depth ranging from 50 μm to 112 μm). The cell populations were 
identified by assessing the signal intensity in the different channels as described 
below (or explained in the caption for Fig. 2 and Supplementary Fig. 2). In Fig. 
5k, IDCs were defined as CD11c+Ly6C+NK1.1− and NK cells were defined as 
CD11c−NK1.1+. The basement membrane was identified (in the absence of 
additional specific staining) by manually localizing the position of collagen fibres 
that generated autofluorescence signals detectable in the 412–464 nm channel 
after excitation with a 405 nm laser during the imaging process. For every 
reconstruction, 10–40 cells of each cell type were analysed. Three-dimensional 
surfaces shown in Figs. 2, 5 and Supplementary Fig. 2 were reconstructed using 
Imaris software (Bitplane; v8.4.2). Counting and localization with respect to the 
collagen layer of basement membrane (Figs. 2d and 5k and Supplementary Fig. 2b) 
was performed manually using the cell counter plugin in FIJI software (v1.48k)54. 
In Supplementary Fig. 6a, the average distance between NK cells and their nearest 
neighbour cells in the IDC population was calculated measuring the Euclidean 
distance between the centres of the identified cells. In Supplementary Fig. 6b, 
contact between cells was calculated as described55 and was considered when their 
distance (closest voxels) was less than or equal to 5 µm.

SINGR1–PR8 colocalization. In Fig. 4, IDCs were isolated from tracheas as 
mentioned in the previous section and cultured in RPMI 1640 medium in μ-Slide 
8 well ibiTreat (ibidi) for 3 h at 37 °C to allow them to attach to the bottom of 
the slide wells. Cell suspensions were subsequently incubated with 5 × 105 p.f.u. 
of PR8-DiO for 1 h on ice. After washing, IDC suspensions were surface stained 
using 1 µg of fluorescently labelled SIGN-R1 antibody. Finally, cells were fixed, 
embedded with Vectashield mounting medium with DAPI (Vector Laboratories) 
and examined by immunofluorescence confocal microscopy. Three-dimensional 
images were acquired using a HCX PL APO Lambda Blue ×63.0 1.40 numerical 
aperture oil-immersion objective (z step was 1 μm for a total depth 20 μm). Three-
dimensional surfaces shown in Fig. 4 were reconstructed using Imaris software 
(Bitplane; v8.4.2).

Recombinant proteins and enzymatic treatment. Recombinant mouse SIGN-R1–
Fc chimaera protein (SIGN-R1–Fc) extracellular domain was obtained from R&D 
systems. HA from influenza A H1N1 (A/Puerto Rico/8/34), influenza A H1N1 
(A/New Caledonia/20/99), influenza A H3N2 (A/Victoria/361/2011), influenza A 
H5N1 (A/Vietnam/1194/2004) and neuraminidase from influenza A H5N1 (A/
Hubei/1/2011) were obtained from Sino Biological. HA from influenza A H1N1 
(A/Puerto Rico/8/34) was used for glycosylation assays using Endo Hf (NEB) or 
PNGase F (NEB) according to the manufacturer’s instructions.

Western blotting. Recombinant HA was treated with glycosidase and boiled in 
reducing SDS–PAGE loading buffer, separated by SDS–PAGE and analysed by 
western blotting. Detection was performed with an His-tag antibody (Thermo 
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Fisher Scientific, clone 4E3D10H2/E3) in 1% BSA for 2 h and secondary goat anti-
mouse IgG (H+L)-HRP conjugated (Thermo Fisher Scientific).

SIGN-R1 ELISA. Maxisorp (Nunc) ELISA plates were coated with 50 μl of UV-
inactivated virus (1 mg ml−1 of PR8, RSV or MPV), recombinant HA (2 µg ml−1) 
or N1 (2 µg ml−1) at 4 °C overnight. The plates were washed with PBS, blocked 
with 1% BSA in PBS for 1 h at room temperature and incubated with dilutions of 
recombinant mouse SIGN-R1–Fc chimaera protein (SIGN-R1–Fc, R&D systems). 
For plates coated with N1, Fl6 antibody and the isotype control human anti-F 
(RSV) IgG1 (see ‘Antibodies’) were added to the wells. After incubation for 1 h at 
room temperature, plates were washed and 50 μl of alkaline phosphatase AffiniPure 
goat anti-human IgG, Fcγ-fragment specific (see ‘Antibodies’) diluted 1:1,000 in 
1% BSA in PBS was added to each well. After 1 h incubation at room temperature 
and washing, 50 μl of 1.0 mg ml−1 para-nitrophenylphosophate in 0.2M Tris buffer 
(prepared with SIGMAFAST para-nitrophenyl phosphate tablets (Sigma-Aldrich) 
in deionized water was added to each well, followed by incubation at room 
temperature for 45 min. Absorbance was read on a Biotel PoweWave 340 (Biotek) 
microplate reader at 405 nm. EC50 values were inferred from fitting binding curves 
using GraphPad Prism 7 software.

Influenza-specific serum antibody ELISA. After infection, blood was collected 
at 5 and 10 d.p.i. and serum was obtained. ELISAs were performed as previously 
described56. Absorbance was read on a Biotel PoweWave 340 (Biotek) microplate 
reader at 405 nm.

Tracheal cytoplex assay. LEGENDPlex assays (Mouse Proinflammatory 
Chemokine Panel and Mouse Inflammation Panel; Biolegend) were performed 
to monitor cytokine and chemokine expression. In brief, tracheas were collected 
and the luminal side was washed five times with 100 µl of ice-cold PBS. Tracheal 
washes were centrifuged at 1,500 r.p.m. for 5 min and the supernatant was collected. 
Supernatants (25 μl aliquots) were processed following the manufacturer’s 
instructions. Samples were analysed by flow cytometry on LSRFortessa (BD 
Biosciences) and data were analysed using LEGENDPlex software (Biolegend; v7.0).

Generation of IDCs and in vitro culture with influenza HA. IDCs were 
generated by intranasal administration of 40 µg of polyinosinic:polycytidylic acid to 
mimic the replication intermediates present in cells infected with RNA viruses in 
the lungs57. After 2 d of administration, lungs were collected, IDCs were sorted as 
described in Flow cytometry and SIGN-R1 blocking assays, and 5 × 104 cells were 
plated per well into a round-bottom 96-well plate in 65 µl complete RPMI medium 
alone or RPMI + Inflexal V (60 µl of medium + 5 µl of vaccine solution) medium. 
After 12 h, 25 µl of supernatant was used to perform Mouse Proinflammatory 
Chemokine Panel LEGENDPlex assay.

PCR with reverse transcription. For cytokine expression in whole tissue, trachea 
were collected at the specified time after infection in 700 µl of TRIzol reagent 
(Thermo Fisher Scientific), disrupted in lysing matrix D 1.4 mm ceramic sphere 
tubes using FastPrep-24 tissue disruption (MP Biomedicals) and RNA was isolated 
using a RNAeasy Mini kit (Qiagen). For analysis of cytokine expression of IDCs 
and epithelial cells, tracheas were collected at 0 and 3 d.p.i., single-cell suspensions 
were obtained, and IDCs (CD45+CD11c+MHCII+CD11b+Ly6Chigh) and epithelial 
cells (CD45−EpCam+) were sorted as described above, and RNA was isolated 
using a RNAeasy Mini kit (Qiagen). Due to the absence of IDCs at 0 d.p.i., RNA 
was extracted from uninfected tracheal DCs (CD45+CD11c+MHCII+). After RNA 
isolation, 0.5–1 μg of cDNA was synthesized using a cDNA synthesis kit (Applied 
Biosystems) following the manufacturer’s recommendations. For the PCR reaction, 
SYBR Master Mix (Applied Biosystems) was used and samples were run on a 
7900HT Fast Real-Time PCR System (Applied Biosystems). To measure expression 
levels of the cytokines IFN-α, IFN-β, CCL2, IL-18, CCL5, CXCL9 and CXCL10, the 
sets of primers listed in Supplementary Table 2 were used. The Pfaffl method58 was 
used to calculate the relative expression of the transcripts.

Viral titres. Influenza titres from trachea homogenates were measured using a 
TCID50 assay. In brief, tracheas were aseptically removed from mice, weighed 
and disrupted in 1 ml of ice-cold sterile PBS. The determination of TCID50 was 
carried out using 96-well plates containing confluent Madine–Darby canine kidney 
(MDCK) cell monolayers. The MDCK cells were incubated with serial threefold 
dilutions of influenza virus culture supernatant in infection medium (Minimum 
Essential Medium Eagle+ GlutaMAX-I (Gibco) with antibiotics and 1 µg ml−1 
of TPCK-Treated Trypsin (Sigma-Aldrich) without FCS) at 37 °C. After 1 h, the 
monolayer was rinsed with PBS, overlaid with infection medium and incubated 
at 37 °C for 4 d. To identify influenza virus-positive wells, the monolayers where 
stained with crystal violet (Sigma-Aldrich) in 70% methanol. Titres were expressed 
as the dilution of tracheal extract at which 50% of the MDCK cultures revealed 
virus growth, as calculated by the Spearman and Karber method.

SPR. The experiments were carried out at 25 °C on a ProteON XPR-36 instrument 
(Bio-Rad Laboratories) in PBS (GIBCO, Thermo Fisher Scientific) and 0.05% 
Tween-20 (Sigma). The indicated proteins were immobilized on a ProteON GLM 

sensor chip (Bio-Rad Laboratories) surface through amine coupling at 100 nM and 
a blank surface with no protein was created under identical coupling conditions 
for use as a reference. Analyte proteins (HA with different glycosylation patterns), 
were injected at a flow rate of 100 μl min−1, at concentrations of 100, 75, 50, 25 
and 12.5 nM in different sensor channels. The data were processed using Proteon 
Manager software (v3.1) and double-referenced by subtraction of the blank surface 
and buffer-only injection. ka, kd and KD were calculated by two-state fitting.

Statistics. Prism 7 (GraphPad) was used for statistical analyses and data 
presentation. Group comparisons were assessed using the unpaired two-tailed 
Student’s t-test. For statistical analysis between survival curves the Mantel–Cox 
method was used.

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

Data availability
All data from this study are available from the corresponding author upon request.
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Early production of IL-17A by γδ T cells in the trachea
promotes viral clearance during influenza infection
in mice
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The innate immune response generated against influenza infection is critical for the inhi-
bition of viral dissemination. The trachea contains different types of innate immune cells
that protect the respiratory tract from pathogen invasion. Among them, γδ T cells have
the ability to rapidly generate large amounts of pro-inflammatory cytokines to preserve
mucosal barrier homeostasis during infection. However, little is known about their role
during the early phase of influenza infection in the airways. In this study, we found that,
early after infection, γδ T cells are recruited and activated in the trachea and outnum-
ber αβ T cells during the course of the influenza infection that follows. We also showed
that the majority of the recruited γδ T cells express the Vγ4 TCR chain and infiltrate in
a process that involves the chemokine receptor CXCR3. In addition, we demonstrated
that γδ T cells promote the recruitment of protective neutrophils and NK cells to the tra-
cheal mucosa. Altogether, our results highlight the importance of the immune responses
mediated by γδ T cells.

Keywords: γδ T cell � IL-17A � trachea � influenza virus � neutrophils

� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

The trachea plays a critical role in the host defense against
influenza virus by limiting viral replication and supporting the
development of the adaptive immune responses during the early
phase of viral infection [1, 2]. The tracheal mucosa is character-
ized by a high frequency of innate immune cells that respond to

Correspondence: Santiago F. Gonzalez
e-mail: santiago.gonzalez@irb.usi.ch

external threats [2]. Among them, γδ T cells are characterized by a
diverse range of TCRs, with specific Vγ-Vδ combinations, which are
used as indicators of their anatomical location and function [3].
Regarding their protective role, resident γδ T cells colonize from
birth the epithelial layers of mucosal tissues where they are able to
respond quickly to injury [4] or infections [5] to preserve home-
ostasis. Moreover, γδ T cells protect against pathogen invasion by
combining characteristics typical of the adaptive immune system
with rapid innate-like responses [5].

The importance of γδ T cell functions has been frequently
associated with the immune response against bacteria [6] and
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KGaA, Weinheim.

www.eji-journal.eu

This is an open access article under the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided the original work is properly
cited.

https://orcid.org/0000-0003-4166-7664
http://creativecommons.org/licenses/by/4.0/


98 Eur. J. Immunol. 2020. 50: 97–109

parasites [7]. However, a growing number of studies have demon-
strated a protective role of γδ T cells against viruses [8–11]. During
influenza infection, γδ T cells have been shown to exert protective
roles in the recovery phase after infection [12] or during secondary
challenges with a different influenza A virus strain [13]. In addi-
tion, human Vγ9Vδ2 T cells have been shown to directly eliminate
virus-infected cells in vitro [14] and in humanized mice [15].

One of the main characteristics of the γδ T cell response is their
ability to produce large amounts of pro-inflammatory cytokines,
such as IFN-γ and IL-17A, without the need of TCR engage-
ment [16]. IFN-γ is a cytokine that plays a key role in the host’s
antiviral defense and can be produced by various types of innate
immune cells at early time points after infection [17]. IL-17A, on
the other hand, is an important mediator in mucosal immunity
and promotes the accumulation of inflammatory cells [18].

While the role of IFN-γ in the context of influenza or viral
infection is well documented [17, 19], the relevance of IL-17A
in innate immunity has been mainly studied in the context of
lung bacterial infections [20, 21]. In addition, IL-17A has been
recently shown to be an important immune modulator during viral
infections [22]. Furthermore, previous studies have demonstrated
that γδ T cells are the main source of IL-17A in lungs during
influenza infection [23, 24]. However, the precise role of IL-17-
producing γδ T cells (γδ17 T cells) during the early response to
influenza virus remains unknown.

In this study, we found that a subset of γδ T cells express-
ing typical receptors of γδ17 T cells was recruited to the tracheal
epithelium early after infection. In addition, these γδ T cells pro-
duced large amounts of IL-17A but low levels of IFN-γ. We also
discovered that the presence of γδ T cells promoted the recruit-
ment of neutrophils and NK cells and was essential for the control
of viral replication after influenza infection.

Results

Influenza infection induces the recruitment of
activated γδ T cells to the trachea

To study the involvement of different T cell subsets in the initial
response against influenza, we characterized by flow cytometry
the changes in cell populations on the basis of their expression
of different surface markers: γδ T cells (CD3+/B220–/γδ TCR+),
CD8+ T cells (CD3+/B220–/γδ TCR–/CD8α+/CD4–), CD4+ T cells
(CD3+/B220–/γδ TCR–/CD8α–/CD4+), NK1.1+ double negative
(DN) T cells (CD3+/B220–/γδ TCR–/CD8α–/CD4–/NK1.1+), and
NK1.1– DN T cells (CD3+/ B220–/γδ TCR–/CD8α–/CD4–/NK1.1–;
Fig. 1A). Then, we assessed the frequency of the different sub-
types of T cells in uninfected controls and during the first
7 days postinfection (d.p.i.) with a low dose of influenza virus
(200 PFUs/animal) strain A/Puerto Rico/8/1934 H1N1 (PR8). We
observed that the frequency of γδ T cells significantly increased at
3 and 5 d.p.i. with respect to uninfected controls (Fig. 1B). Regard-
ing total numbers of γδ T cells in the trachea, we observed a similar
trend, having the highest number at 3 d.p.i. (1C), and returning to

basal levels at 2 weeks postinfection (Fig. 1D). Next, we evaluated
the activation of γδ T cells by examining the expression of CD69
during the first 7 d.p.i. We observed that γδ T cells were highly
activated at 3 d.p.i. (Fig. 1E). Finally, we assessed how γδ T cells
numbers and activation levels change when animals are infected
with a higher dose of influenza virus (2 × 105 PFUs/mice) that
generates an acute pulmonary infection. We observed that the
numbers of γδ T cells number and their activation in trachea were
reduced (Fig. 1F and G, respectively) and that γδ T cells frequency
increased in the lungs (Fig. 1H).

Most γδ T cells present in trachea express the Vγ4
TCR chain

To elucidate more precisely how fast γδ T cell respond to tra-
cheal infection, we analyzed their total number during the first
3 d.p.i. We found that at 2 d.p.i., γδ T cell numbers had signif-
icantly increased with a peak of recruitment observed at 3 d.p.i.
(Fig. 2A). Furthermore, we determined the different γδ T cell sub-
types present in the trachea according to the expression of CCR6
and CD27. These markers enabled us to further classify them in
IFN-γ-producing γδ T cells (CCR6–, CD27+) and IL-17-producing
γδ T cells (γδ17 T cells; CCR6+, CD27–) [16, 25, 26] (Fig. 2B,
left panels). The CCR6+ CD27– γδ T cells showed a progressive
increase in their frequency to 90% of total γδ T cells at 3 d.p.i.
(Fig. 2B, upper right graph). Additionally, the absolute numbers of
CCR6+ CD27– γδ T cells were significantly higher at 2 and 3 d.p.i.,
indicating that they were the main subset contributing to the early
γδ T cell infiltration (Fig. 2B, lower right graph). Subsequently, we
analyzed the expression of Vγ1, Vγ4, and Vγ6 TCR chains by the
tracheal γδ T cells. We found that the majority of the γδ T cells in
the trachea were Vγ4+ in uninfected mice or at 3 d.p.i. (Fig. 2C).
Furthermore, we observed that the frequency of Vγ4+ γδ T cell in
the trachea was similar to that in the lungs and was not altered
when mice were infected with a higher dose of PR8 (Fig. 2D).

γδ T cells proliferate and get recruited to the trachea
following influenza infection

To study the recruitment of γδ T cells to the trachea, we performed
intravital two-photon microscopy in infected Tcrd-H2BEGFP mice
(Fig. 3A) in which γδ T cells expressed GFP [27]. We could
visualize the extravasation γδ T cells from blood capillaries to
the tracheal tissue at 3 d.p.i. Following this, we investigated the
expression of the chemokine receptor CXCR3 that is known to
be expressed by γδ T cells and to participate in their recruitment
during infection [28]. The results showed that approximately 90%
of the CCR6–CD27– γδ T cells expressed CXCR3 during the first
3 d.p.i. However, 70% of CCR6+CD27– γδ T cells expressed this
receptor in uninfected animals and their frequency increased up
to 90% at 3 d.p.i. (Fig. 3B). These results suggested different roles
of CXCR3 in the recruitment of γδ T cell in the trachea. Therefore,
to better examine the role of these receptors in the recruitment
of γδ T cells, we determined the expression of their specific
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Figure 1. γδ T cell dynamics in trachea from mice infected with influenza virus. (A) Representative flow cytometric characterization of γδ T cells
(CD3+/B220–/γδ TCR+), CD8+ T cells (CD3+/B220–/γδ TCR–/CD8α+/CD4–), CD4+ T cells (CD3+/B220–/γδ TCR–/CD8α–/CD4+), NK1.1+ double negative
(DN) T cells (CD3+/B220–/γδ TCR–/CD8α–/CD4–/NK1.1+), and NK1.1– DN T cells (CD3+/B220–/γδ TCR–/CD8α–/CD4–/NK1.1–) in mouse trachea. (B)
Frequency of T cell subsets in trachea at 0, 3, 5, and 7 d.p.i. with PR8 (n = 4 mice/group). (C) Flow cytometry quantification of total numbers of γδ

T cells in trachea at 0, 3, 5, and 7 d.p.i. (n = 4 mice/group). (D) Flow cytometry quantification of total numbers of γδ T cells in trachea at 0, 16, and
23 d.p.i. (n = 4 mice/group). (E) MFI expression levels of CD69 in tracheal γδ T cells at 0, 3, 5, and 7 d.p.i. (n = 4 mice/group). (F) Flow cytometry
quantification of total numbers of γδ T cells in trachea at 0 and 3 d.p.i. with 200 or 2 × 105 PFUs of PR8 (n = 7–8 mice/group). (G) MFI expression
levels of CD69 in tracheal γδ T cells at 0 and 3 d.p.i. with 200 or 2 × 105 PFUs of PR8 (n = 4 mice/group). (H) Flow cytometric analysis showing the
frequency of γδ T cell in nasopharynx, trachea and lungs at 0 and 3 d.p.i. with 200 and 2 × 105 PFUs of PR8 (n = 4 mice/group). The presented data
are representative of at least three independent experiments (A, B, C, and E) or two independent experiments (D, F, G, and H) and analyzed using
flow cytometry. Results are given as mean ± SD. Statistical significance was determined by Two-tailed Student’s t-test (B, C, E) or Mann–Whitney
U-test (D, F, G). ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

ligands (MIP-3α and CXCL9/10, respectively) at 3 d.p.i. The
analysis showed that the protein levels of the three chemokines
were significantly higher at the time of γδ T cell recruitment
(Fig. 3C). We further confirmed that the infiltration of γδ T cells
was dependent on CXCR3, as CXCR3KO mice exhibited reduced

numbers of this cell subset under the same conditions (Fig. 3D).
However, a significant number of γδ T cells remained present in
the trachea of infected CXCR3KO mice, which might indicate that
γδ T cells could proliferate in the infected tissue. To investigate
that, we analyzed the expression of the NF Ki67, which indicated

C© 2019 The Authors. European Journal of Immunology published by
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Figure 2. Most γδ T cells present in trachea express the Vγ4 TCR chain. (A) Flow cytometric quantification of total numbers of γδ T cells in trachea
at 0, 1, 2, and 3 d.p.i. (n = 5 mice/group). (B) (Left panel) Representative scatterplots showing the characterization of the different γδ T cell subtypes
by flow cytometry according to the surface expression of CCR6 and CD27 in trachea at 0, 1, 2, and 3 d.p.i. (Right) Frequency (top) and total numbers
(bottom) of the different γδ T cell subtypes at 0, 1, 2, and 3 d.p.i. (n = 5 mice/group). (C) Representative scatterplots showing the characterization of
the different γδ T cell subtypes by flow cytometry according to the expression of their Vγ chains in trachea at 0 and 3 d.p.i. (Right) Flow cytometric
quantification of frequency of the different γδ T cell subtypes in trachea at 0 and 3 d.p.i. with 200 or 2 × 105 PFUs of PR8 (n = 5 mice/group). (D)
Flow cytometric quantification of frequency of the different γδ T cell subtypes in lungs at 0 and 3 d.p.i. with 200 or 2 × 105 PFUs of PR8 (n = 5
mice/group). The presented data are representative of at least three (A, B) or two (C, D) independent experiments. Results are given as mean ± SD.
Statistical significance was determined by two-tailed Student’s t-test (A). ns, p > 0.05; **p < 0.01; ****p < 0.0001.
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Figure 3. γδ T cells proliferate and get recruited to the trachea following influenza infection. (A) Sequential intravital 2-photon micrographs (a,b)
acquired at high magnification (40×) showing γδ T cells (green) extravasation into the tracheal tissue from blood vessels (red) at 3 d.p.i. (Supporting
Information Movie 1). Second harmonic generation (SHG) signal from collagen is shown in grey. Dashed circles indicate magnified areas (dashed
panels) and white arrows indicate cell extravasation. (B) (Left) Representative histograms showing the expression of CXCR3 in CCR6– CD27– γδ T
cell and CCR6+ CD27– γδ T cell and (right) quantification of the frequency of the CXCR3+ cells in the γδ T cell subtypes in trachea at 0, 1, 2, and
3 d.p.i. using flow cytometry (n = 5 mice/group). (C) Protein levels of secreted MIP-3α, CXCL9, and CXCL10 in trachea at 0 and 3 d.p.i. determined
by bead-based immunoassay (LEGENDplexTM, BioLegend; n = 4–5 mice/group). (D) Flow cytometric quantification of γδ T cell in CXCR3KO mice
at 3 d.p.i. (n = 3–7 mice/group). (E) Flow cytometric quantification of frequency of γδ T cell expressing Ki67 in trachea at 0, 1, 2, and 3 d.p.i. (n =
4 mice/group). The presented data are representative of at least three (B–D) or two (A, E) independent experiments. Results are given as mean ±
SD. In (C), box plots show 25th to 75th percentiles and whiskers show minimum and maximum values. Statistical significance was determined by
two-tailed Student’s t-test. (ns, p > 0.05; **p < 0.01; ***p < 0.001).
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that γδ T cells progressively increase their basal proliferating ratio
(Fig. 3E). In addition, CCR6+CD27– γδ T cells showed a higher
proliferating ability compared to the CCR6–CD27– subset.

Vγ4+ γδ T cells produce IL-17A during influenza
infection

IFN-γ and IL-17A play an important role in the host defense
against pathogens and are known to be expressed by γδ T
cells early during infection [16]. To characterize the role of
γδ T cells during the early stages of the antiviral response
against influenza virus, we assessed the expression of IFN-γ
and IL-17A in the trachea. We observed a significant upregu-
lation of the transcript levels of both IFN-γ and IL-17A during
the first 2 d.p.i. (Fig. 4A and B, respectively). However, while
the peak of expression of IFN-γ was observed at 2 d.p.i., the
expression of IL-17A continued increasing until 3 d.p.i. Further-
more, we analyzed by intracellular staining the expression of both
cytokines in the two main γδ T cell subsets and we observed
that both subsets significantly expressed IL-17A and almost no
IFN-γ after infection (Fig. 4C, upper panels). Moreover, we saw
that the number of cells that expressed IFN-γ, IL-17A, or both
cytokines together was significantly increased in both γδ T cell
subsets at 3 d.p.i. (Fig. 4C, lower graphs). However, the num-
ber of cells expressing IFN-γ or IFN-γ and IL-17A together repre-
sented <3% in both γδ T cell subsets. In addition, CCR6+CD27–

γδ T cells showed a higher frequency and total number of IL-17A-
expressing cells at 3 d.p.i., compared to CCR6–CD27– γδ T cells,
indicating that the former is the main source of IL-17A in the
trachea postinfection (Fig. 4C). Next, we analyzed the Vγ TCR
chain repertoire in IL-17+ γδ T cells. We found that almost all
the IL-17A+ γδ T cells were Vγ4+ (Fig. 4D), which are known to
express CCR6 and to lack expression of CD27 [29]. Furthermore,
we observed that the frequency of Vγ4+ γδ T cell that express
IL-17A did not change after infection with a higher dose of
influenza virus (Fig. 4D). We also measured in tracheal lavage
the levels of the cytokines IL-23, IL-1β, and IL-6 that are known to
promote the expression of IL-17A in γδ T cells [30]. We observed
a significant upregulation of all cytokines in comparison to unin-
fected controls (Fig. 4E), which coincided with the activation pro-
file of γδ T cells at 3 d.p.i. (Fig. 1E).

γδ T cells recruit neutrophils and NK cells and limit
influenza infection in the trachea

To study the role of γδ T cells, and specifically, Vγ4+ γδ T cells,
during influenza infection, we deplete these cell populations in
mice infected with influenza virus. Both treatments resulted in
an approximately 50% reduction in the number of γδ T cells in
the trachea at 3 d.p.i. (Fig. 5A; Supporting Information Fig. 1A).
Then, we examined the impact of this reduction on the levels of
IL-17A and IFN-γ. We observed that IL-17A expression was signif-
icantly reduced in tracheas from animals treated with the anti-γδ

TCR or the anti-Vγ4 TCR antibodies, while IFN-γ levels were only

affected by the treatment with the anti-γδ TCR antibody (Fig. 5B;
Supporting Information Fig. 1B). Furthermore, we observed a sig-
nificant reduction in the levels of CXCL1 in both group of animals
treated with anti-γδ T or anti-Vγ4+ γδ T cells depleting antibodies
(Fig. 5B). CXCL1 is known to be one of the major chemoattrac-
tants of neutrophils to the infected sites [31]. It is also known that
IL-17A derived from γδ T cells promotes the recruitment of neu-
trophils [32, 33]. To examine the relationship between γδ T cells
and neutrophils in the context of influenza infection, we analyzed
the number of neutrophils in the trachea during the first 7 d.p.i.
We observed that their number increased significantly at 3 d.p.i.
(Fig. 5C; Supporting Information Fig. 1C). Moreover, we observed
that the number of neutrophils was reduced in the groups treated
with depleting antibodies (Fig. 5D).

In addition, we observed that NK cells were recruited to the
infected trachea at 3 d.p.i. (Fig. 5C, Supporting Information Fig.
1C). However, NK cells numbers were significantly reduced only
in animals treated with the anti-γδ TCR antibody (Fig. 5D). We
also confirmed that other T cell subsets, dendritic cells (DC) or
macrophages were not affected by the treatment with anti-γδ TCR
antibody (Supporting Information Fig. 1D). Finally, the analysis
of neutrophil numbers in tracheas from infected IL-17A/IL-17F
double KO (IL-17AFKO) mice, confirmed the role of IL-17 in
neutrophil recruitment during influenza infection (Supporting
Information Fig. 1E). To investigate how the reduction in the
number of γδ T cells affected the progression of influenza
infection, we measured the expression of influenza virus-related
genes and viral titers in trachea and lung at 3 d.p.i. (Fig 5E;
Supporting Information Fig. 1F). We detected that the expression
of influenza-related genes were higher in mice treated with anti-
γδ TCR and anti-Vγ4 TCR antibodies, compared to WT control
(Fig. 5E). These results also correlated with increased weight loss
(Fig. 5F) and mortality (Fig. 5G) during infection of anti-γδ TCR
antibody-treated mice, in comparison to the control group.

Discussion

Previous studies have shown that γδ T cells recruited to the lungs
at later time points (10 and 15 days) after influenza infection
ameliorated the recovery of the animals [12] and protected them
from a secondary influenza infection [13]. However, our results
indicated that γδ T cells are already present in high numbers in the
trachea at 3 d.p.i. and their frequency is greater than conventional
CD4+ and CD8+ αβ T cells. This is in accordance with previous
studies that examined the lungs of mice in which γδ T cells were
also found to be recruited at early time points after influenza infec-
tion [24]. In addition, our results indicated that early-recruited γδ

T cells were highly activated, as assessed on the basis of CD69
expression. Whether this activation was a result of direct recogni-
tion of viral particles is not known. However, it has been shown
that γδ T cells express CD69 after recognition of influenza-infected
cells [34]. Thus, our data suggest that γδ T cells are early sensors
during influenza infection in the trachea, whereas αβ T cells exert
their function at later time points after priming by APCs.

C© 2019 The Authors. European Journal of Immunology published by
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Figure 4. Vγ4+ γδ T cells produce IL-17A during influenza infection. Time course showing RNA expression of IFN-γ (A) and IL-17A (B) in mouse
trachea during the first 3 d.p.i. by qPCR (n = 4 mice/group). (C) Representative scatterplots and histograms showing the flow cytometric character-
ization of IFN-γ- and/or IL-17A-producing cells from CCR6+ CD27– γδ T cell and CCR6– CD27 γδ T cell subsets in trachea at 3 d.p.i. (Upper panel) and
their quantification (lower graphs; n = 4 mice/group). (D) Flow cytometric quantification of frequency of the different γδ T cell subtypes that express
IL-17A in trachea at 0 and 3 d.p.i. with 200 or 2 × 105 PFUs of PR8 (n = 4 mice/group). (E) Protein levels of secreted IL-23, IL-1β, and IL-6 in trachea at
0 and 3 d.p.i. determined by bead-based immunoassay (LEGENDplexTM, BioLegend; n = 4 mice/group). The presented data are representative of at
least three (A–C, E) or two (D) independent experiments. Results are given as mean ± SD. In (A), (B), and (E), box plots show 25th to 75th percentiles
and whiskers show minimum and maximum values. Statistical significance was determined by two-tailed Student’s t-test. ns, p > 0.05; *p < 0.05;
**p < 0.01; ***p < 0.001.
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Figure 5. γδ T cells recruit neutrophils and NK cells and limit influenza infection in the trachea. (A) Flow cytometric quantification of total numbers
of γδ T cell in trachea from mice treated with anti-γδ TCR antibody (α-γδ TCR), anti-Vγ4 TCR antibody (α-Vγ4), and with isotype control antibody (α-
isotype) at 3 d.p.i. (n = 3–7 mice/group). (B) RNA expression of IL-17A, IFN-γ, and CXCL1 in trachea from mice treated with anti-γδ TCR antibody (α-γδ

TCR), anti-Vγ4 TCR antibody (α-Vγ4+), and with isotype control antibody (α-Isotype) at 3 d.p.i. using qPCR (n = 5 mice/group). (C) Flow cytometric
quantification total number of neutrophils and NK cells in trachea at 0, 3, 5, and 7 d.p.i. (n = 4 mice/group). (D) Flow cytometric quantification of
total number of neutrophils and NK cells in trachea from mice treated with anti-γδ TCR antibody (α-γδ TCR), anti-Vγ4 TCR antibody (α-Vγ4+) and
with isotype control antibody (α-isotype) at 3 d.p.i. (n = 7–11 mice/group). (E) RNA expression of PR8 nucleoprotein (NP) in trachea and lungs from
mice treated with anti-γδ TCR antibody (α-γδ TCR), anti-Vγ4 TCR antibody (α-Vγ4+), and with isotype control antibody (α-isotype) at 3 d.p.i. using
qPCR (n = 5 mice/group). Morbidity (F) and mortality (G) analysis of anti-γδ TCR antibody-treated and isotype control-treated mice after infection
with influenza virus (n = 4 mice/group). The presented data are representative of at least two (A, B, C, E, F, and G) independent experiments or two
combined experiments (D). Results are given as mean ± SD. Statistical significance was determined by Mann–Whitney U-test (A–E) or Mantel–Cox
method (G). Results are given as mean ± SD. ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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Murine γδ T cells consist of various subsets characterized by
their distinct anatomical locations and their commitment to the
production of either IFN-γ or IL-17 [35]. In the case of IL-17,
production is restricted mostly to Vγ4+ and Vγ6+ γδ T cells, while
Vγ1+ γδ T cells are known to mainly produce IFN-γ [29]. IL-17-
and IFN-γ-producing γδ T cells can be broadly characterized on the
basis of the expression of CCR6 and CD27, respectively [16], [25].
Our results demonstrated that the majority of the infiltrating γδ

T cells were CCR6+ CD27– and expressed the Vγ4 TCR chain,
which coincided with the phenotype of IL-17-producing γδ T cells
(γδ17 T cells). Accordingly, another study showed that Vγ4+ γδ T
cells were recruited in the lungs at early times postinfection [24].

Interestingly, we observed that the increase of γδ T cells in the
trachea during infection was due to two events: their ability to
proliferate in situ, and their active recruitment from the blood.
Regarding γδ T cell migration, we saw that a high percentage of
the CCR6+ cells also expressed the chemokine receptor CXCR3.
This was in accordance with a previous study in which it was
found that CXCR3 can be co-expressed with CCR6 in murine γδ17
T cells [36]. Furthermore, we demonstrated that specific ligands
for both CCR6 and CXCR3 (MIP-3α and CXCL9/10, respectively)
were expressed in the trachea after infection, suggesting their
involvement in the recruitment of γδ T cells.

Using the same infection model, we previously showed that
inflammatory DCs (IDCs) were the major producers of CXCL9 and
CXCL10 at 3 d.p.i. [2]. Moreover, earlier studies have shown a
critical role of CXCR3 in the recruitment of γδ T cells in influenza-
infected sites, which facilitated the elimination of pathogens [28].
Taking this into account, we hypothesize that IDC are involved
in the infiltration of γδ T cell. In addition, we observed a minor
population of CCR6–CD27– γδ T cells, which does not fully corre-
spond to any of the above-mentioned γδ T cell subsets. This cell
population was present in the trachea at steady state and the fre-
quency of those cells, among the total γδ T cells, decreased over
time. Although a full characterization of this subset is required,
previous reports have indicated that CCR6 drives the migration of
γδ17 T cells to the inflamed tissue but its expression is lost after
activation to prevent the accumulation of γδ T cells in uninflamed
tissues [37]. We showed that, in addition to CCR6+ CD27– γδ T
cells, the numbers of CCR6–CD27– γδ T cells increased along with
their CXCR3 and IL-17A expression during infection. Therefore, it
is possible that this population represents a different maturation
state of the recruited CCR6+CD27– γδ T cells.

γδ T cells are known to rapidly secrete IL-17A and IFN-γ much
earlier than adaptive αβ T cells [38]. IL-17A and IFN-γ are inflam-
matory cytokines that promote the recruitment of inflammatory
cells [30] and the generation of an antiviral state [17], respec-
tively. In our study, we evaluated the ability of the different γδ T
cell subsets to produce these two cytokines at early time points.
We showed that IL-17A in the trachea was mainly produced by
Vγ4+ γδ T cells during the innate immune response to influenza
infection, which was in agreement with previous studies that
focused on the lungs [24]. For γδ T cells to produce IL-17A in a
TCR-independent manner, the presence of IL-23, IL-1β, and IL-6
is necessary [30]. In this study, we reported an early production

of these cytokines in the trachea postinfection, which suggested
that γδ T cells are activated in a cytokine-dependent manner
during influenza infection. Surprisingly, we observed that a small
percentage of γδ T cells was able to produce only IFN-γ or both
IL-17A and IFN-γ. Although γδ17 T cells are known to be fully
committed cells to the production of IL-17 [35], it has been shown
that stimulation with IL-1β and IL-23 can also induce the co-
production of IFN-γ and IL-17A [39]. Moreover, we demonstrated
that the reduction of the number of γδ T cells using a depleting
antibody affected the expression of both cytokines. This data sug-
gested that γδ T cells are major producers of IL-17A at early time
points. However, in the case of IFN-γ, our results indicated that γδ

T cell reduction also affected the recruitment of NK cells that are
able to produce large amounts of IFN-γ [40]. In a recent study [2],
we demonstrated that NK cell recruitment to the trachea during
influenza infection was dependent on the expression of cytokines
produced by the IDC. Moreover, It is also known that γδ T cell
are able to deliver activating signals to DC and monocytes [29].
Therefore, we hypothesize that γδ T cells may be able to deliver
activating signals to IDC during infection, which would support
the observed recruitment of NK cells and the production of IFN-γ.

We observed that the early production of IL-17A by Vγ4+ γδ T
cells modulates neutrophil recruitment during influenza infection
in the trachea. Previous studies have shown that IL-17A signals
through the IL-17 receptor A (IL-17RA) to upregulate the produc-
tion of chemokines such as CXCL1, which in turn regulates neu-
trophil migration to mucosal sites [32]. Accordingly, we showed
that the treatment with antibodies that generally deplete γδ T cells
or antibodies that only deplete Vγ4+ γδ T cells reduced IL-17A
levels, which correlated with lower levels of CXCL1 and neutrophil
recruitment at 3 d.p.i. Moreover, neutrophils are known to play
a protective role during influenza infection by limiting influenza
virus replication during the early and later phases of infection [41].
In agreement to this, we demonstrated that a reduction in the
number of γδ T cells or Vγ4+ γδ T cells at early stages postinfection
correlated with a decrease in the number of neutrophils at the site
of infection and an increase of the viral load in the trachea and
lungs. Although neutrophils seem to be involved in the control of
viral spread, we cannot discard the possibility that γδ T cells may
perform additional functions that limit virus dissemination. More
specifically, in the context of influenza infection, human Vγ9Vδ2
T cells have been shown to contribute to the control of viral infec-
tion in vitro [14] and in humanized mice [15] by direct killing
of influenza-infected cells. Furthermore, the use of the anti-γδ

TCR antibody also affected the recruitment of NK cells, which are
critical for viral clearance in the respiratory tract [2]. Therefore,
the increased susceptibility shown by animals treated with the
anti-γδ TCR antibody might also be related to this effect. However,
our study indicated that the reduction of Vγ4+ γδ T cell does
not lead to an impaired NK cell recruitment or IFN-γ production
during infection. Thus, the increased viral levels shown in animals
treated with anti-Vγ4 TCR antibodies can solely be associated with
the reduced number of neutrophils. Whether another subtype of
γδ T cells, such as Vγ1+ γδ T cells might be specifically associated
with the infiltration of NK cells needs to be further evaluated.
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Our study highlights, for the first time, the importance of the
γδ17 T cells during the early stages of influenza infection. How-
ever, a previous study has shown a detrimental role of these cells in
acute lung infection models [24]. We speculate that the observed
differences might be related to the infection model. While in our
work mice were infected with a low volume and dose of virus to
mimic the natural model of infection, Xue et al. [24] employed a
high dose of the virus, which generated a severe infection in the
lungs. We demonstrated that the generation of an early acute pul-
monary infection led to an increased frequency of γδ T cells in the
lungs and a reduction in their numbers and activation in the tra-
chea. This might explain why in the report by Xue and colleagues
an augmented presence of γδ T cells in the lungs is detrimental
for the survival of infected mice.

In conclusion, we demonstrated that the early recruitment of
the Vγ4+ γδ T cell subset is an important event of the initial
immune reaction against influenza infection that allows the rapid
secretion of IL-17A and, thus, contributes to the recruitment of pro-
tective neutrophils in the tracheal mucosa. Therefore, the immune
response generated by γδ T cells contributes to the early elimina-
tion of virus-infected cells in the trachea. These findings suggest
the potential use of the IL-23/IL-17 axis in a therapeutic approach
for the enhancement of the function of γδ17 T cells against multi-
ple strains of influenza virus.

Methods

Mice

C57BL/6 mice, CXCR3KO [42], IL-17AFKO [43], and Tcrd-
H2BEGFP [27] were bred in-house or acquired from Janvier labs.
Mice were maintained in specific pathogen-free facilities at the
Institute for Research in Biomedicine, Bellinzona. Experiments
were performed in accordance with the Swiss Federal Veterinary
Office guidelines and animal protocols were approved by the local
veterinarian authorities.

Antibodies

The fluorescently labeled antibodies for cell surface and intra-
cellular staining are listed in Supporting Information Table 1.
Additionally, anti-mouse TCR γ/δ antibody (UC7-13D5, BioXcell),
anti-mouse TCR Vγ4 (2.11, BioXcell), and polyclonal Armenian
hamster IgG antibody (BioXcell) as isotype control were used for
γδ T cell depletion.

Influenza virus production, infection and survival
assay

The influenza virus strain A/PR/8/34 was grown, purified, inac-
tivated, and labeled as described previously [44]. Age-matched
(6- to 8-wk-old) female mice were anesthetized with a mix of

ketamine (100 mg/kg bodyweight, Parke Davis) and xylazine
(10 mg/kg bodyweight, Bayer) and intranasally inoculated with
40 µL (20 µL on each nare) containing 200 or 2 × 105 PFUs of
influenza virus. In survival studies, mice were monitored daily for
up to 12 days and sacrificed when weight loss was superior to 20
%. For γδ T cell depletion 400 µg of anti-mouse TCR γ/δ antibody,
the anti-mouse TCR Vγ4 or the corresponding isotype control was
administered intraperitoneally one day before infection, at 1 and
at 3 d.p.i.

Flow cytometry

Flow cytometry analysis was conducted accordingly to the recently
published guidelines [45]. Organs were mechanically disrupted
with scissors and digested for 45 min at 37°C in an enzyme mix
composed of: DNase I (0.28 mg/mL, Amresco, Fountain Parkway
Solon, OH), and 0.26 units/mL of Liberase TL Research Grade
(Roche, Basel, Switzerland)) in RPMI 1640 Medium (Gibco,
Bleiswijk, Netherlands) followed by a stop solution of 2 mM
EDTA (Sigma–Aldrich, San Luis, MO) and 2% heat-inactivated
filter-sterilized FCS (Thermo Fisher Scientific, Waltham, MA)
in PBS (Sigma–Aldrich, San Luis, MO). Single cell populations
were obtained by forcing the remaining tissue pieces through a
40-µm strainer followed by lysis of RBCs. Fc receptors from the
isolated cells were blocked (αCD16/32, Biolegend, San Diego,
CA) followed by surface staining and analysis by flow cytometry
on a LSRFortessaTM (BD Biosciences, Franklin Lakes, NJ). Where
indicated, intracellular staining was performed according to
eBioscienceTM Intracellular Fixation & Permeabilization Buffer
Set (eBioscience, Santa Clara, CA) following the manufacturer’s
instructions. Dead cells were excluded using ZombieAcqua fixable
viability dye (Biolegend, San Diego, CA) and data were analyzed
using FlowJo software (TriStar Inc, Phoenix, AZ). For detection of
Vγ6+ cells, samples were pre-stained with GL3 followed by 17D1.

Cytoplex assay

LEGENDPlexTM assays (Mouse Proinflammatory Chemokine
Panel and Mouse Inflammation Panel; Biolegend, San Diego,
CA) were performed to monitor cytokine/chemokine expression.
Briefly, tracheas were collected and the luminal side was washed
five times with 100 µL of ice-cold PBS. Tracheal washes were
centrifuged at 1500 rpm for 5 min and the supernatant was
collected. Twenty-five microliters of supernatant were processed
following the manufacturer’s instructions. Samples were analyzed
by flow cytometry on LSRFortessaTM (BD Biosciences, Franklin
Lakes, NJ) and data were analyzed using LEGENDPlexTM software
(Biolegend, San Diego, CA).

Real-time quantitative PCR

To measure the expression levels of the cytokines IFN-γ, IL-17A,
KC, and NP (PR8), the following sets of primers were designed
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(direction 5’-3’): IFN-γ FW:GAGGAACTGGCAAAAGGATG;
RV:GCTGATGGCCTGATTGTCTT-3’; IL-17A FW:AGCTGG
ACCACCACATGAAT and RV:ACACCCACCAGCATCTTCTC;
CXCL1 FW:TCAGGGGCTGGAATAAAA and RV:ACAGGTGCC
ATCAGAGCAGT; NP (PR8) FW:TGCCTGCCTGTGTGTATGG
and RV:AGGCTGTACACTTGGCTGTTT. Tracheas and the upper
right lobe of the lungs were collected at the specified time
point postinfection in 700 µL of TRIzolTM Reagent (Ther-
moFisher Scientific, Waltham, MA), disrupted in lysing matrix
D 1.4 mm ceramic sphere tubes using FastPrep

R©
-24 tissue

disruption (MP Biomedicals, Illkirch-Graffenstaden, France)
and RNA was isolated using an RNAeasy Mini kit (Qiagen,
Hilden, Germany). One microgram of cDNA was synthesized
using a cDNA synthesis kit (Applied Biosystems, Foster City,
CA) following the manufacturer’s recommendations. For the
RQ-PCR reaction, a SYBR R© Master Mix (Applied Biosystems,
Foster City, CA) was used and samples were run on a 7900HT
Fast Real-Time PCR System (Applied Biosystems, Foster City,
CA). Cytokine mRNA levels were expressed relative to GAPDH
expression (Primers: GAPDH FW:ACATCATCCCTGCATCCACT
and RV:AGATCCACGACGGACACATT). The Pfaffl method [46]
was used to calculate the relative expression of the transcripts.

Viral Titers

Influenza titres from trachea homogenates were measured by a
50% tissue culture infective dose (TCID50) assay. Briefly, tracheas
were aseptically removed from mice, weighed, and disrupted in
1 mL of ice-cold sterile PBS. The determination of TCID50 was car-
ried out using 96-well plates containing confluent Madine-Darby
canine kidney (MDCK) cell monolayers. The MDCK cells were
incubated with serial threefold dilutions of influenza virus culture
supernatant in infection medium for 1 h at 37°C. After, the mono-
layer was rinsed with PBS, overlaid with infection medium, and
incubated at 37°C for 4 days. To identify influenza virus-positive
wells, the monolayers were stained with Crystal Violet (Sigma–
Aldrich, San Luis, MO) in 70% methanol. Titers were expressed as
the dilution of trachea extract at which 50% of the MDCK cultures
revealed virus growth, as calculated by the Spearman and Karber
method.

Intravital two-photon microscopy and analysis

Intravital microscopy of γδ T cell recruitment to the trachea was
perform in Tcrd-H2BEGFP at 3 d.p.i. as previously described
[47, 48]. Deep tissue imaging was performed on a customized
two-photon platform (TrimScope, LaVision BioTec, Bielefeld, Ger-
many). Two-photon probe excitation and tissue second-harmonic
generation (SHG) were obtained with a set of two tunable
Ti:sapphire lasers (Chamaleon Ultra I, Chamaleon Ultra II,
Coherent, Santa Clara, CA) and an optical parametric oscillator
that emits in the range of 1010–1340 nm (Cha- maleon Compact
OPO, Coherent, Santa Clara, CA), with output wavelength in the

range of 690–1080 nm. For the in vivo analysis of cell movement,
two-photon micrographs were acquired in full Z stacks of 40 µm
every 30 s. To visualize γδ T cell, Imaris 9.3.1 software (Bitplane,
Belfast, UK) was used.

Statistics

All data are expressed as the mean ± SD. For statistical analy-
ses and data presentation Prism 7 (GraphPad Software, Graph-
Pad Software Inc, San Diego, CA) was used. The Shapiro–Wilk
test was used to assess whether data followed normal distribu-
tion. Accordingly, group comparisons were assessed using two-
tailed Student’s or Mann–Whitney U-test. For statistical analy-
sis between survival curves Mantel–Cox method was used. Sta-
tistical significance was defined as: ns, p > 0.05; *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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3 Muñoz-Ruiz, M., Sumaria, N., Pennington, D. J. and Silva-Santos, B.

Thymic determinants of γδ T cell differentiation. Trends Immunol. 2017.

38: 336–344.

C© 2019 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

www.eji-journal.eu



108 Eur. J. Immunol. 2020. 50: 97–109

4 Ramirez, K., Witherden, D. A. and Havran, W. L., All hands on DE(T)C:

Epithelial-resident γδ T cells respond to tissue injury. Cell Immunol. 2015.

296: 57–61.

5 Swamy, M., Abeler-Dörner, L., Chettle, J., Mahlakõiv, T., Goubau, D.,
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Kremmer, E., Förster, R. et al., CCR6 and NK1.1 distinguish between IL-

17A and IFN-γ-producing γδ effector T cells. Eur. J. Immunol. 2009. 39:

3488–3497.

17 Schroder, K., Hertzog, P. J., Ravasi, T. and Hume, D. A., Interferon-γ: an

overview of signals, mechanisms and functions. J. Leukoc. Biol. 2004. 75:

163–189.

18 Xu, S. and Cao, X., Interleukin-17 and its expanding biological functions.

Cell. Mol. Immunol. 2010. 7: 164–174.

19 Karupiah, G., Chen, J. H., Mahalingam, S., Nathan, C. F. and MacMicking,

J. D., Rapid interferon gamma-dependent clearance of influenza A virus

and protection from consolidating pneumonitis in nitric oxide synthase

2-deficient mice. J. Exp. Med. 1998. 188: 1541–6.

20 Okamoto Yoshida, Y., Umemura, M., Yahagi, A., O’Brien, R. L., Ikuta, K.,

Kishihara, K., Hara, H. et al., Essential role of IL-17A in the formation of a

mycobacterial infection-induced granuloma in the lung. J. Immunol. 2010.

184: 4414–4422.

21 Misiak, A., Wilk, M. M., Raverdeau, M. and Mills, K. H. G., IL-17–producing

innate and pathogen-specific tissue resident memory γδ T cells expand

in the lungs of Bordetella pertussis –infected mice. J. Immunol. 2017. 198:

363–374.

22 Jie, Z., Liang, Y., Hou, L., Dong, C., Iwakura, Y., Soong, L., Cong, Y. et al.,

Intrahepatic innate lymphoid cells secrete IL-17A and IL-17F that are

crucial for T cell priming in viral infection. J. Immunol. 2014. 192: 3289–

3300.

23 Gong, D., Farley, K., White, M., Hartshorn, K. L., Benarafa, C. and

Remold-O’Donnell, E., Critical role of SerpinB1 in regulating inflamma-

tory responses in pulmonary influenza infection. J. Infect. Dis. 2011. 204:

592–600.

24 Xue, C., Wen, M., Bao, L., Li, H., Li, F., Liu, M., Lv, Q. et al., Vγ4+γδT

cells aggravate severe H1N1 influenza virus infection-induced acute pul-

monary immunopathological injury via secreting interleukin-17A. Front.

Immunol. 2017. 8: 1–18.

25 Ribot, J. C., deBarros, A., Pang, D. J., Neves, J. F., Peperzak, V., Roberts,

S. J., Girardi, M. et al., CD27 is a thymic determinant of the balance

between interferon-γ- and interleukin 17–producing γδ T cell subsets.

Nat. Immunol. 2009. 10: 427–436.

26 Jensen, K. D. C., Su, X., Shin, S., Li, L., Youssef, S., Yamasaki, S., Stein-

man, L. et al., Thymic selection determines γδ T cell effector fate: antigen-

naive cells make interleukin-17 and antigen-experienced cells make

interferon γ. Immunity 2008. 29: 90–100.

27 Prinz, I., Sansoni, A., Kissenpfennig, A., Ardouin, L., Malissen, M. and

Malissen, B., Visualization of the earliest steps of γδ T cell development

in the adult thymus. Nat. Immunol. 2006. 7:995–1003.

28 Dieli, F., Poccia, F., Lipp, M., Sireci, G., Caccamo, N., Di Sano, C. and

Salerno, A., Differentiation of effector/memory Vδ2 T cells and migratory

routes in lymph nodes or inflammatory sites. J. Exp. Med. 2003. 198: 391–

397.

29 Papotto, P. H., Ribot, J. C. and Silva-Santos, B., IL-17+ γδ T cells as kick-

starters of inflammation. Nat. Immunol. 2017. 18: 604–611.

30 Patil, R. S., Bhat, S. A., Dar, A. A. and Chiplunkar S, V., The Jekyll

and Hyde story of IL17-producing γδ T cells. Front. Immunol. 2015.

6: 37.

31 Sawant, K. V., Poluri, K. M., Dutta, A. K., Sepuru, K. M., Troshkina,

A., Garofalo, R. P. and Rajarathnam, K., Chemokine CXCL1 mediated

neutrophil recruitment: role of glycosaminoglycan interactions. Sci. Rep.

2016. 6: 33123.

32 Ye, P., Rodriguez, F. H., Kanaly, S., Stocking, K. L., Schurr, J., Schwarzen-

berger, P., Oliver, P. et al., Requirement of interleukin 17 receptor signal-

ing for lung CXC chemokine and granulocyte colony-stimulating factor

expression, neutrophil recruitment, and host defense. J. Exp. Med. 2001.

194: 519–527.

33 Laan, M., Cui, Z. H., Hoshino, H., Lötvall, J., Sjöstrand, M., Gruenert,

D. C., Skoogh, B. E. et al., Neutrophil recruitment by human IL-17 via

C-X-C chemokine release in the airways. J. Immunol. 1999. 162:2347–

2352.

34 Jameson, J. M., Cruz, J., Costanzo, A., Terajima, M. and Ennis, F. A., A role

for the mevalonate pathway in the induction of subtype cross-reactive

immunity to influenza A virus by human γδ T lymphocytes. Cell Immunol.

2010. 264: 71–77.

35 Serre, K. and Silva-Santos, B., Molecular mechanisms of differentiation

of murine pro-inflammatory γδ T cell subsets. Front. Immunol. 2013. 4:

431.

36 Cai, Y., Shen, X., Ding, C., Qi, C., Li, K., Li, X., Jala, V. R. et al., Pivotal

role of dermal IL-17-producing γδ T cells in skin inflammation. Immunity.

2011. 35: 596–610.

C© 2019 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

www.eji-journal.eu



Eur. J. Immunol. 2020. 50: 97–109 Immunity to infection 109

37 McKenzie, D. R., Kara, E. E., Bastow, C. R., Tyllis, T. S., Fenix, K. A.,

Gregor, C. E., Wilson, J. J. et al., IL-17-producing γδ T cells switch migra-

tory patterns between resting and activated states. Nat. Commun. 2017. 8:

15632.

38 Crowe, C. R., Chen, K., Pociask, D. A., Alcorn, J. F., Krivich, C., Enelow,

R. I., Ross, T. M. et al., Critical role of IL-17RA in immunopathology of

influenza infection. J. Immunol. 2009. 183: 5301–5310.

39 Schmolka, N., Serre, K., Grosso, A. R., Rei, M., Pennington, D. J., Gomes,

A. Q. and Silva-Santos, B., Epigenetic and transcriptional signatures of

stable versus plastic differentiation of proinflammatory γδ T cell subsets.

Nat. Immunol. 2013. 14: 1093–1100.

40 He, X.-S., Draghi, M., Mahmood, K., Holmes, T. H., Kemble, G. W., Dekker,

C. L., Arvin, A. M. et al., T cell–dependent production of IFN-γ by NK cells

in response to influenza A virus. J. Clin. Invest. 2004. 114: 1812–1819.

41 Tate, M. D., Brooks, A. G. and Reading, P. C., The role of neutrophils in

the upper and lower respiratory tract during influenza virus infection of

mice. Respir. Res. 2008. 9: 57.

42 Hancock, W. W., Lu, B., Gao, W., Csizmadia, V., Faia, K., King, J. A.,

Smiley, S. T. et al., Requirement of the chemokine receptor CXCR3 for

acute allograft rejection. J Exp Med. 2000. 192:1515–1520.
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7. GENERAL DISCUSSION 

7.1. Friend or Foe: The protective and pathological roles of inflammation in 

influenza viral infection 

In the present work, we described the complexity of the innate and adaptive immune 

response to influenza virus. This response encompasses a variety of redundant signaling pathways 

that tightly regulate cellular and immune responses. The initial antiviral response against influenza 

involves the secretion of cytokines and chemokines by immune and non-immune cells. This 

mechanism promotes the accumulation of leukocytes and plasma proteins from the blood to the 

site of infection. According to the location and the immune cells involved, we have identified two 

different inflammatory waves that occur during infection, which are characterized by different 

timing, subsets of cell recruited, and inflammatory mediators released 116.  

Pro-inflammatory signals are usually beneficial in early post-infection to recruit different 

innate and adaptive immune cells to the site of infection, preventing high viral loads and systemic 

viral dissemination (Figure 9a). However, prolonged or exacerbating the release of cytokines and 

chemokines contributes to IAV-driven pneumonia and multi-organ failure 273 (Figure 9b). 

Similarly, a low immune response with immune escape from host immunosurveillance may 

increase viral replication in the respiratory airway, which in turn induces severe lung damage 

(Figure 9c). Therefore, the disruption of the balance between inflammation and tissue damage 

defines the outcome of influenza infection. 

The "cytokine storm" concept was introduced to describe the hyper-inflammatory 

phenotype associated with severe influenza disease 274,275. This scenario recurs continuously within 

newly emergent viruses, pandemic and zoonotic viral infections 276. Several pro-inflammatory 

cytokines, described as principal inflammatory mediators of the control against infection, have 

also been linked with cytokine storms. These aberrant cytokines production can recruit immune 

cells to infiltrate the infected lungs, resulting in immune-cell hyperactivation and inflammatory 

injury (Figure 9b). IFNs, tumor necrosis factors, and different interleukins can also have 

deleterious roles in a chronic infection leading to immunopathologies such as inflammatory 

disorders and autoimmunity 275,277–279. Potentially targetting the cytokine storm with anti-cytokines 

monoclonal antibodies will remarkably reduce the levels of circulating inflammatory mediators 

and may be effective for treating severely and critically ill patients with influenza infection. 
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Despite this apparent correlation, it is still uncertain whether the aberrant inflammatory 

response against the virus is the sole cause of immunopathology in influenza, or instead it is the 

result of a higher susceptibility of some individuals that are unable to mount an effective primary 

control of viral infection by triggering a cell-mediated immune response. Indeed, the excessive 

inflammation sustained by an uncontrolled host response can induce an abnormal development of 

the CD8+ T cell response. Pro-inflammatory factors, including G-CSF and others, induce PD-1 

expression on CD8+ T cells as they infiltrate the airway 280. To subvert this situation, a potential 

application of anti-PD-1 immunotherapy, a well-known treatment in cancer patients, will help to 

boost CD8+ T cell immunity and improve viral control.  

Previous studies have explored the potential link between inflammation and disease 

severity; however, the nature of this relationship is still to be discovered. What is evident is the 

differential heterogeneity caused by small changes in viral lung loads that can induce significant 

changes in disease severity 281,282. Indeed, this has been observed in humans and animals when 

antivirals are administered or when host responses are experimentally modulated 283.  

Therefore, in this study, we established and validated the dynamic correlation between viral 

loads, inflammation, infected cells, and disease severity using a low amount of virus inoculum. 

This approach allowed us to contain the initial viral infection in the upper respiratory tract and 

trachea. This model better mimics how human infections with seasonal strains of the virus occur 

284. Our results demonstrated that a balanced innate immune response against influenza infection 

is critical for inhibiting viral dissemination. The trachea contains different innate immune cells 

that protect the respiratory tract from pathogen invasion. We have described that CCL2-dependent 

monocytes-derived IDCs are responsible for the production of CXCL9 and CXCL10 that rapidly 

recruit γδ T cells and neutrophils to the trachea contributing to the control of influenza spread 60. 

However, a high viral load that generates excessive immune response compromise this system by 

decreasing the number of protective γδ T cells in the trachea and increasing their recruitment in 

the lungs, which, together with excessive neutrophils, contribute to acute lung injury. Interestingly, 

inhibitors of CXCL2 and CXCL10 can ameliorate influenza by suppressing neutrophil infiltration 

and NET release. In addition, targeting the pro-inflammatory factor CCL2 can prevent monocyte-

mediated lung injury during highly pathogenic influenza infection.  
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As discussed, neutrophils constitute the first line of defense against pathogens; however, 

their role is also associated with pathological processes 285. In another study, we used a cutting-

edge imaging analysis methodology to characterize in vivo the dynamics of neutrophil recruitment 

and their migratory patterns following vaccination 168. We demonstrated that neutrophil 

recruitment is a highly regulated process that involves the initial secretion of IL-1ɑ from dying 

macrophages. Evidently, neutrophils and macrophages work in concert to enhance the immune 

response against pathogens. However, this relationship must be tightly regulated as it may 

contribute to turn inflammation into pathology. The excessive recruitment of neutrophils can be 

inhibited by pharmacologic therapies, like glucocorticoids, that prevent capillary permeability and 

epithelial cell apoptosis. Moreover, the administration of the interleukin-1-receptor antagonist (IL-

1ra) can be considered a potential immunomodulatory drug to decrease the cytokine storm and 

directly affect the pathologic mechanisms in neutrophil-mediated injury. 

Another strategy followed by the immune cells to promote the inflammatory response 

against influenza virus is the induction of different cell death pathways in phagocytic cells. 

Previously has been proposed that the induction of macrophage cell-death, is an important 

component of the host immune response 147. This process is directly linked with the activation of 

the  NLRP3 pathway, which is essential for the initial inflammatory response against the virus. On 

the one hand, targeting the NLRP3 inflammasome pathway in a scenario where the high viral load 

will not allow to mount an effective immune response may provide an alternative therapeutic 

strategy to treat influenza infection and recover inflammation (Figure 9c). On the other hand, 

blocking the cell-death pathways may prevent hyper-inflammatory disease and pneumonitis when 

the excessive immune response is responsible for severe lung pathology (Figure 9b). 

Focusing on the relevance of resident immune cells, we could identify the innate 

mechanisms that drive viral clearance by actively secreting inflammatory cytokines, inducing 

immune cell infiltration, and initiating tissue repair. Unrevealing these mechanism is important to 

design new therapeutic approaches to target inflammation selectively. Epithelial cells have a key 

role in the initiation of the immune response secreting IFN-λ. This molecule is crucial for early 

protection against the virus because it can promote viral clearance without activating systemic 

inflammation. The therapeutic administration of  IFN-λ might help reduce viral dissemination in 

a condition where inflammation increases morbidity during infection. 
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It is well known that the virus has evolved strategies to evade the immune system or hijack 

immune responses to facilitate infection and escape immune surveillance. Therefore extensive 

studies are required to better understand the dynamics of the host immune system upon detection 

of influenza virus and enhance the host innate immunity to control the disease.  

Next, to test the hypothesis that an acute reduction of the viral load would prevent the onset 

of the more severe inflammatory phase of the disease, we discussed possible interventions for 

improving excessive viral dissemination and tissue damage. Current antiviral drugs inhibit viral 

replication by blocking or reducing the release of viral progeny from infected cells 286. These drugs 

offer an excellent chance for treatment; however, their effectiveness is reduced as time from 

infection increases or new drug-resistant viruses rapidly emerge.  In the past decade, a number of 

human monoclonal antibodies have been described that can bind to and neutralize a broad range 

of influenza A and B viruses. Most of these monoclonal antibodies are directed against the stalk 

domain of HA and some have now been evaluated in early to mid-stage clinical trials. In addition, 

the use of convalescent plasma has been recommended as primary therapy in patients with severe 

respiratory infectious diseases, including severe influenza. The rationale for immunotherapy in 

viral infections is that antibodies can neutralize virus infectivity directly or through Fc-mediated 

functions, including complement activation, antibody-dependent cell cytotoxicity (ADCC), or 

phagocytosis.  

An alternative approach to induce viral neutralization by host immune cells arises from the 

engineerization of C-type lectin receptors, such as SIGN-R1 that we recently showed to bind 

glycans present on HA of different influenza subtypes 60. The development of SIGN‐R1 chimeric 

proteins might represent a novel universal therapeutic tool during virulent influenza infections. 

Despite great advances in the field of antibody-based therapy, a combination of antiviral 

and immune-targeting drugs may likely offer better protection against highly pathogenic 

infections. 

For instance, high plasma IL-10 level could be an early protective response to viral 

infection but become detrimental during acute infection, as it promotes viral persistence 287. IL-10 

producing NK could induce DC-NK cross-talk that impair adaptive response. Thus, it induces cell 

exhaustion and deactivates antiviral T cell immunity. Neutralizing IL-10 activity by treatment with 
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anti-IL-10R antibody can rescue the cytotoxicity of NK cells and the T cell responses and 

consequently induce virus clearance.  

Another immunomodulatory mechanism for IL-10 resides in its ability to alter macrophage 

polarization. M1 macrophages have a pro-inflammatory effect with a relevant role in defense 

against intracellular pathogens. By contrast, M2 macrophages show increased phagocytic activity 

and suppress pro-inflammatory cytokine production 288. IL-10 can modulate macrophage 

polarization and promotes an M2 phenotype characterized by downregulation of MHC-II, 

upregulation of molecules associated with anti-inflammatory functions, and poor activation of 

CD4+T cells. Although M2 alveolar macrophages protect against influenza-mediated lethal 

inflammation, a sustained M2-like phenotype during severe infection may delay viral clearance. 

Therefore, by blocking IL-10 we could restore the immune control of chronic viral infection.  

Furthermore, we showed that SIGN-R1 expressed on IDCs participates in recognition of 

influenza virus and actively contributes to the generation of the early inflammation that contributes 

to viral removal while limiting lung tissue damage. Therefore, triggering SIGN‐R1 signaling 

cascade on respiratory IDC, using anti-SIGN-R1 monoclonal antibodies could be used as a 

universal therapeutic approach to establish early protection against influenza.  

Overall, our work helped to develop a more profound knowledge of innate inflammatory 

cells and mediators during influenza virus infection, which could help identify new therapeutic 

approaches targeting inflammation or innate immune mechanisms against influenza virus. In 

addition, this will also help to develop novel vaccine formulations aimed at improving 

inflammation and the immune response to the antigen. 
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Figure 9: A schematic model showing the balance between successful viral clearance and a life-threatening immunopathology 

following influenza infection and the possible therapies. a) Balanced cell-mediated immunity can control lung viral load without 

a severe lung pathology. b) The excessive inflammatory response to influenza infection results in the development of influenza 

immunopathology despite efficient viral clearance. c) Low immune response with immune escape from host immunosurveillance 

may increase viral replication, which in turn induces a strong lung pathology. Therapeutic approaches to restore tissue 

homeostasis are listed in the orange boxes. 

7.2. The immunoregulatory role of antigen-antibody complexes in response 

to influenza antigen 

So far, our work has highlighted the importance of understanding the cellular and 

molecular mechanisms of action during the initial inflammatory response to generate optimal 

humoral immunity to the influenza virus. Nevertheless, the immune response to influenza virus in 

humans is very complex and results from prior exposure to virus strains, either by infection or 

vaccination. However, given how complicated it is to trace the history of an individual's exposure 

to influenza strains, it is difficult to tease out the exact impact of pre-existing immunity on vaccine 

efficacy in human samples. Therefore, further human studies need to be designed to address this 

aspect.  
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Generally, antibody titers against virus strains encountered earlier in life increase, probably 

due to imprinting followed by many subsequent exposures over time 290. This suggests that 

repeated antigenic exposure improves immunity, probably due to the presence of pre-existing 

cross-reactive antibodies targeting antigenically similar domains on different viral strains 291,292.  

On the contrary, other studies observed that repeated influenza immunizations in 

consecutive years might impact vaccine efficacy, increasing the risk of contracting the influenza 

disease in the second year 293–296. One hypothesis concluded that antigenic mismatches between 

past and current vaccine antigens and the circulating viruses are the reason for reduced vaccine 

effectiveness 297.  

In addition to this theory,  other studies suggested that repeated vaccination leads to 

circulating antibodies that mask virus antigens from B cell receptors and decrease vaccine 

effectiveness 264,298–300. Consistent with the previous study, our results demonstrated that pre-

existing immunity against viral immune epitopes on HA influences the generation of immune 

protection following influenza vaccination.  

In the current study, we observed a difference between circulating head- and stalk- 

antibodies on the kinetics of effector B-cell appearance in the LN. The different kinetics are likely 

to reflect the mechanism of neutralization elicited by the two antibodies. Antibodies elicited 

against the HA globular domain efficiently prevent infection by blocking the HA-mediated 

attachment to the cell surface. In contrast, an anti-stalk antibody recognizes a more conserved 

region and prevents endosomal fusion. Therefore, different antibodies bound to the same antigen 

can trigger different responses, which may explain the differences observed in humans regarding 

the modulation of vaccine effectiveness.  

When antibodies bind to a specific antigen, they form immune complexes (ICs) and this 

production occurs in response to acute events such as infection, effectively restricting 

inflammatory signaling to situations that warrant an active immune response. Following the 

resolution of infection, ICs are no longer generated, and existing ICs are rapidly cleared from 

circulation. 

During infection, the main function of ICs has been linked with viral clearance mediated 

through FcgRs, including phagocytosis and ADCC. This is important to explain the mechanism 

behind the neutralization activity of antibody-based therapy or plasma therapy (Figure 9c). 
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However, our observation argued against an exclusive role of ICs to mediate clearance. Indeed, in 

our passive immunization system, ICs were not eliminated from the LN. In addition, we also found 

that this mechanism was independent of the FcgRs engagement.   

In contrast, persistent ICs formation occurs in many chronic disease states, such as 

autoimmune, neoplastic or infectious diseases, in which antibodies are continuously produced and 

can interact with the specific antigen. In this setting, persistent ICs induce hyper-activation of 

immune cells and can result in elevated Type 1 IFN response and dysregulated B and T cell 

functions. The loss of peripheral tolerance and the generation of autoantibody is classically seen 

in systemic lupus erythematosis, reumatoid artritis and HIV. This inflammatory condition can 

trigger neutrophil infiltration and promote tissue damage by inducing degranulation and ROS 

production 301. More pathogenic mechanisms have been described in microbial infections. When 

ICs form between non-neutralizing IgG and microorganisms, that can replicate into macrophages. 

This process, called antibody-dependent enhancement (ADE), increases intracellular infections 

and enhances the severity of diseases in dengue hemorrhagic fever and leishmaniasis 302. The 

mechanism manifests as a suppression of host innate immunity, increased production of IL-10, a 

bias of Th1 responses towards Th2 responses and increased numbers of infected cells. 

Consistent with the immune regulatory functions, ICs also effectively inhibit inflammatory 

responses. In a model of allergic disease, ICs were shown to inhibit the adaptive immune responses 

by directly suppressing inflamasome activantion and releasing IL-1α and IL-1β from APC 303. 

Similarly, our data reveal that IgG-mediated immune suppression induced by anti-HA ICs, was 

closely correlated with an inhibition of the inflammatory response, mainly at the level of the 

macrophage population.  

Moreover, we have systemically compared all subsets of LNDCs and macrophages for 

antigen uptake, and we found that all these subsets capture less antigen when IgG bind to the virus. 

However, this decrease was more evident for conventional migratory DC2. Therefore, we 

speculated that IgG might modify the route of antigen internalization and presentation by LNDC 

when they are bound to influenza antigen.  

Previous studies suggested that C-type lectins regulate the immune homeostasis of ICs. For 

example, Dectin-1 can inhibit inflammation in the presence of glycosylated IgG on ICs. This 

mechanism involves the inhibitory receptor FcγRIIB in immune cells 304. Similarly, the mouse 
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orthologue of DC-SIGN, SIGN-R1, has been demonstrated to bind sialylated IgG on ICs and 

induce anti-inflammatory activity following IVIG therapy 305 . However, other receptors, rather 

than C-type lectin, might be involved in the ICs uptake process. Therefore, in future work, we 

sought to investigate the involvement of alternative receptors in ICs recognition and induction of 

inhibitory signals. 

In conclusion, we identify an alternative mechanism dependent on LNDC activation that 

explains IgG-mediated immune suppression. These findings have critical relevance to explore new 

approaches for the prevention and therapy of diseases that aim to reshape immune response. In 

addition, by generating IC-based vaccines might be possible to manipulate the inflammatory 

response to favor a better humoral immunity. 
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