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Influenza viruses are one of the major causes of human respiratory infections 
and the newly emerging and re-emerging strains of influenza virus are the cause 
of seasonal epidemics and occasional pandemics, resulting in a huge threat 
to global public health systems. As one of the early immune cells can rapidly 
recognize and respond to influenza viruses in the respiratory, lung macrophages 
play an important role in controlling the severity of influenza disease by limiting 
viral replication, modulating the local inflammatory response, and initiating 
subsequent adaptive immune responses. However, influenza virus reproduction 
in macrophages is both strain- and macrophage type-dependent, and ineffective 
replication of some viral strains in mouse macrophages has been observed. This 
review discusses the function of lung macrophages in influenza virus infection in 
order to better understand the pathogenesis of the influenza virus.

KEYWORDS

influenza virus, macrophage, antiviral, immune response, inflammation

1. Introduction

Influenza viruses include four major types A, B, C, and D, and belong to the family of 
Orthomyxoviridae family. Influenza A virus (IAV), influenza B virus (IBV), influenza C virus 
(ICV), and influenza D virus (IDV) can all infect mammals, with IAV, IBV, and ICV infecting 
humans. No human infections with IDV have been reported to date (Liu et al., 2020). Seasonal 
influenza viruses are responsible for most human respiratory infections, causing an estimated 
290,000–650,000 deaths globally each year. IAVs are further divided into subtypes based on 
hemagglutinin (HA) and neuraminidase (NA) glycoproteins. There are 18 HA subtypes (H1–
H18) and 11 NA subtypes (N1–N11) of IAV (Tong et al., 2013). Effective measures against IAV 
and IBV infection include the prevention of vaccine, or prophylactic or therapeutic treatment 
with antiviral drugs. However, the evolution of influenza viruses through antigenic drift and 
antigenic shift allows them to spread across different species and is responsible for the novel 
influenza viruses in pandemics (Taubenberger and Morens, 2008).

The innate immune system is the first line of defense against influenza virus infection 
consisting of physical barriers and innate cellular immune responses. During influenza virus 
infection, epithelial cells on the mucosa are infected and subsequently macrophages may be the 
cells that first responded to them immunologically and play a crucial role in virus resistance 
(Maines et al., 2008). Infection of respiratory epithelial cells with IAV is initiated by the binding 
of cell surface salivary acids to the viral HA proteins (Wiley and Skehel, 1987; Skehel and Wiley, 
2000). Moreover, it is likely that viral entry into epithelial cells can be facilitated by the interaction 
with other cell surface receptors (Chu and Whittaker, 2004; Rapoport et al., 2006; Thompson 
et al., 2006; Oshansky et al., 2011). Alveolar macrophages (AMs) are also infected by seasonal 

OPEN ACCESS

EDITED BY

Shijian Zhang,  
Dana–Farber Cancer Institute, United States

REVIEWED BY

Hao Hu,  
Washington University in St. Louis, 
United States  
Katrina Traber,  
Boston University, United States

*CORRESPONDENCE

Yuying Zhang  
 bio_zhangyy@ujn.edu.cn  

Fanhua Wei  
 weifanhua999@163.com

†These authors have contributed equally to this 
work

RECEIVED 18 July 2023
ACCEPTED 16 August 2023
PUBLISHED 13 September 2023

CITATION

Li H, Wang A, Zhang Y and Wei F (2023) Diverse 
roles of lung macrophages in the immune 
response to influenza A virus.
Front. Microbiol. 14:1260543.
doi: 10.3389/fmicb.2023.1260543

COPYRIGHT

© 2023 Li, Wang, Zhang and Wei. This is an 
open-access article distributed under the terms 
of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the 
original author(s) and the copyright owner(s) 
are credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted which 
does not comply with these terms.

TYPE Review
PUBLISHED 13 September 2023
DOI 10.3389/fmicb.2023.1260543

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1260543﻿&domain=pdf&date_stamp=2023-09-13
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1260543/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1260543/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1260543/full
mailto:bio_zhangyy@ujn.edu.cn
mailto:weifanhua999@163.com
https://doi.org/10.3389/fmicb.2023.1260543
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1260543


Li et al. 10.3389/fmicb.2023.1260543

Frontiers in Microbiology 02 frontiersin.org

IAV strains (H1N1 and H3N2) and replication of seasonal IAV in 
AMs is not productive (Rodgers and Mims, 1982; van Riel et al., 2011; 
Yu et al., 2011). However, certain viral strains that can replicate in a 
productive manner in macrophages are now well known and this has 
a significant impact on the antiviral functions of macrophages (Cline 
et al., 2017). Following attachment, virus is internalized by receptor-
mediated endocytosis using clathrin- or caveolin-dependent or 
-independent pathways, and conformational changes of HA in the low 
pH of the endosomal compartment leads to the fusion of viral and 
endosomal membranes. The fusion of the viral envelope with the 
endosomal membrane triggers the release of vRNP to the cytoplasm 
before entry into the nucleus to initiate viral replication. Inefficient 
attachment and entry (Londrigan et al., 2015) and a block downstream 
of virus internalization but upstream of nuclear entry (Cline et al., 
2013; Marvin et al., 2017) are two cellular blocks that regulate the 
productive replication of influenza virus in macrophages. However, 
the HPAI H5N1 viruses and the H1N1 WSN strains are able to 
overcome these cellular barriers and further replicate in a productive 
manner in both mouse and primary human macrophages (Cline et al., 
2013; Marvin et al., 2017). Therefore, IAV replication in macrophages 
is both strain- and macrophage type-dependent. These are described 
below and are summarized in Figure 1.

2. Macrophages heterogeneity 
following IAV infection

2.1. Macrophages plasticity during IAV 
infection

Macrophages exist in the body as a heterogeneous population of 
cells. According to different physiological anatomical locations in the 
lungs, macrophages are classified as AMs and alveolar interstitial 
macrophages (IMs; Hume et al., 2020). In mice, AMs are characterized 
as major histocompatibility complex (MHC) class IImodCD11chighSiglec-
Fhigh in contrast to MHC IImodCD11clowSiglec-FnegCD64pos IMs 
(Misharin et al., 2013; Schneider et al., 2014b), whereas human AMs 
are MHC IIhighCD11chighCD14low (Desch et  al., 2016). Studies in 
granulocyte-macrophage colony-stimulating factor (GM-CSF)-
deficient mice lacking functional Siglec-FhighCD11chigh AMs 
demonstrate for the first time the requirement for AMs in lung 
homeostasis (Dranoff et al., 1994). Upon influenza virus infection, 
AMs are implicated in viral clearance since depletion of AMs leads to 
a higher viral load, an increase in mortality, and a reduction in the 
production of type I IFN (IFN-I; Tumpey et al., 2005; Schneider et al., 
2014a). Importantly, the depletion of AMs in pigs also increases the 
mortality and loss of body weight following IAV infection (Kim et al., 
2008). In addition, the frequency of IMs is found to be twice as low as 
that of AMs in mice under steady-state conditions (Bedoret et al., 
2009), but IMs expand at a much faster rate when responding to 
external stimuli than AMs do (Landsman and Jung, 2007). Indeed, the 
H5N1 infection leads to the rapid depletion of AMs from both 
bronchoalveolar lavage (BAL) and the lungs and the concurrent 
recruitment of IMs to the lungs (Corry et al., 2022).

Alveolar macrophages can be further subdivided into resident 
alveolar macrophages (TR-AMs) and recruited monocyte-derived 
macrophages (MO-AMs), while IMs can be classified as TR-IMs and 
MO-IMs. Currently, studies of lung macrophages are focused on AMs, 

mainly due to technical problems in the extraction of IMs and their 
similar phenotype to monocytes (Liegeois et al., 2018). Macrophages 
from the yolk sac and fetal liver precursors enter various tissues during 
the formation of embryonic organs and differentiate into tissue-
resident macrophages by transforming growth factor-β (TGF-β) and 
GM-CSF in adulthood (Guilliams et al., 2013; Yu et al., 2017; Zhao 
et  al., 2018). In steady-state conditions, TR-AMs are cells with a 
relatively long life span, which are fully established before birth and 
are maintained by self-replication without the need for replenishment 
by blood monocytes (Yona et al., 2013). In contrast, lung MO-AMs 
have a limited ability of self-maintenance and are replenished by 
macrophages recruited from circulating inflammatory monocytes in 
the peripheral blood (Iwasaki, 2016). Hence, location and origin are 
the two principal determinants of macrophage characteristics in the 
lungs (Zhou and Moore, 2018). TR-AMs appear to limit their own 
plasticity due to their prolonged residence in the tissue to facilitate 
tissue homeostasis, whereas MO-AMs are more plastic to an 
inflammatory state (Guilliams and Svedberg, 2021). For example, 
CCR2-deficient mic with fewer circulating monocytes (Serbina and 
Pamer, 2006) are showing less susceptibility to influenza virus 
infection and lower morbidity and mortality (Lin et  al., 2008). 
MO-AMs and TR-AMs have similar phenotypes in the early stages of 
influenza virus infection, but have different transcriptional and 
epigenetic profiles and show unique functions (MacLean et al., 2022). 
Within 1 month of influenza infection, MO-AMs are transcriptionally 
similar to monocytes and produce more interleukin-6 (IL-6) upon 
stimulation. After 2 months of influenza infection, recruited and 
resident AMs become similar in transcription and function, whereas 
MO-AMs lose plasticity and are not providing antimicrobial 
protection, playing a similar role to TR-AMs in balancing lipolysis to 
remove surfactant from the alveoli at steady-state conditions (Aegerter 
et al., 2020; Kulikauskaite and Wack, 2020).

2.2. Variable polarization of macrophages 
in influenza virus infection

Macrophages can be imprinted with different roles depending on 
the microenvironment. Upon influenza virus infection, macrophage 
polarization has occurred in the presence of environmental stimuli, in 
which activated macrophages can become M1 related to Th1 cytokine 
responses, or M2 relevant to Th2 cytokines. The phenotype of 
proinflammatory M1 is referred to as classically activated 
macrophages. M2 macrophages are referred to as alternatively 
activated macrophages and exert anti-inflammatory cell functions and 
boost tissue recovery (Stein et al., 1992). On the basis of the cytokines 
that induce M2 macrophages and their gene expression profiles, M2 
macrophages can be further classified into the categories (M2a, b, c, 
and d; Mantovani et  al., 2004). An overview of the types of 
polarization, secretory molecules, and major functions of M1 and M2 
macrophages is given in Table 1.

During the disease process, timely changes in the polarization 
status of M1/M2 macrophages are critical to the overall healing 
process. In early virus invasion, M1 macrophage dominance promotes 
an inflammatory response to clear pathogens, after which M2 type 
dominance can facilitate tissue healing (Alvarez et al., 2016). If M1 
macrophages persistently survive predominantly, which results in 
immunopathological damage to the organism and impedes tissue 
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healing (Alvarez et  al., 2016). Influenza virus-induced GM-CSF 
decreases proinflammatory macrophages by re-directing macrophages 
to a more “M2-like” activation state from a “M1-like” type by altering 
the ratio of CXCL9 to CCL17  in BAL (Halstead et  al., 2018). In 
A(H1N1), A(H3N2), and A(H9N2) virus infection, macrophages 
undergo M1 polarization at 4 hpi and M2b polarization at 8 hpi, which 
is modulated by the PI3K/Akt signaling (Zhao et al., 2014) and by the 
autophagy and exosome production (Xia et al., 2022). In contrast to 
H1N1 virus infection, a well-defined set of dysregulated genes and 
pathways that occurred in the M1 subtype is specific to H5N1 virus-
infected macrophages, leading to an exacerbation of pathology of 
H5N1 infection (Zhang et al., 2018). However, the AMs polarization 
following influenza virus infection is multifactorial and complex. 
Influenza virus infection induces M1-polarized AMs in early stages 
and M2b-polarized AMs in the middle stage (Zhao et  al., 2014). 
M1-polarized AMs have a lower endosomal pH and facilitate viral 
replication, whereas M2-polarized AMs have a higher endosomal pH 

but a lower lysosomal pH and restrict SARS-CoV-2 infection (Lv et al., 
2021; Wang Z. et al., 2022). The M1 state of AMs toward the M2 state 
is associated with the increased severity and inflammatory responses 
to influenza virus infection (Lauzon-Joset et al., 2019). Therefore, 
characterizing the variations and ratios of M1 and M2 in the lungs 
with different doses and infection times contributes to regulating lung 
injury following influenza virus infection (Yao et al., 2022).

Macrophages differ in their differentiation status after influenza 
virus infection. M1 macrophages produce the proinflammatory 
TNF-α and iNOS, while M2 macrophages express IL-10 and TGF-β. 
M2 macrophages express the macrophage mannose receptor CD206, 
produce high levels of arginase-1 (Arg-1), and enhanced phagocytic 
capacity, which has a protective role in influenza virus infection 
(Gordon, 2003; Campbell et al., 2015). It has been demonstrated that 
M2 macrophages are more susceptible to apoptotic cell death than M1 
macrophages following IAV infection (Campbell et  al., 2015). 
Expression of the macrophage mannose receptor is upregulated in 

FIGURE 1

Influenza A virus (IAV) reproduction efficiency in MDMs and AMs. (A) Seasonal H1N1 or 2009 pdm H1N1 infection in MDMs is productively replicated, 
whereas seasonal H1N1 or 2009 pdm H1N1 infection in AMs is abortive. However, infection with some strains of H5N1 is productively replicated in both 
MDMs and AMs. (B) IAV replication blocks in AMs infection with seasonal H1N1 or 2009 pdm H1N1.
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M2-polarized macrophages (Jablonski et al., 2015; Roszer, 2015), this 
may explain why M2 macrophages are more susceptible to IAV 
infection. Importantly, although IAV-infected M1 macrophages 
produce the highest expression of proinflammatory cytokines 
including TNF-α, IAV-infected M2 macrophages can override the 
anti-inflammatory cytokines profile of these cells and cause them to 
secret TNF-α and other M1-like cytokines. Interestingly, these 
findings are only observed during the infection of macrophages with 
HPAI H5N1 and WSN viruses (Cline et al., 2013; Marvin et al., 2017), 
which have been shown to replicate productively in macrophages, 
these findings may explain the hypercytokinemia and enhanced 
inflammatory response in severe H5N1 infection.

3. Regulating inflammation

3.1. The sentinel role of macrophages

Alveolar macrophages display a state of relative quiescence, 
produce cytokines at low levels, and inhibit innate and adaptive 
immunity induction in the absence of infection (Hussell and Bell, 
2014). After the influenza virus invades the epithelial barrier, AMs are 
the innate immune cells that can respond in the early stages of 
infection to initiate and evoke innate immunity. In addition to their 
vital phagocytic function, AMs also encode a variety of pattern-
recognition receptors (PRRs) essential for the sensing of pathogens 
and tissue damage (Janeway and Medzhitov, 2002). Toll-like receptor 
(TLR) 3 is expressed by macrophages and recognizes viral RNA 
structures in phagocytosed IAV-infected cells (Schulz et al., 2005). 
TLR3 activation induces the upregulated expression of nuclear factor 
κB (NF-κB)-regulatory proinflammatory cytokines as well as the 
expression of IFN-I and IFN-stimulated genes (ISGs) regulated by 
interferon regulatory factor 3 (IRF3). When IFN-I binds to the IFNα/β 
receptor (IFNAR), a heterodimer consisting of two subunits, IFNAR1 
and IFNAR2, it activates the Janus kinase/signal transducers and 

activators of transcription (JAK/STAT) pathway to induce the 
expression of ISGs, thereby inhibiting viral replication (Makris et al., 
2017). Meanwhile, macrophages-expressed TLR7 and TLR8 sense IAV 
ssRNA liberated from engulfed cells (Diebold et al., 2004; Lund et al., 
2004; Iwasaki and Pillai, 2014), which engage the viral RNA signal in 
a manner dependent on myeloid differentiation primary response 
gene 88 (MyD88) and then activate transcription factors NF-κB and 
IRF7. Following influenza virus infection, IAV proteins and nucleic 
acids produced by apoptotic cells are released into the extracellular 
space. For instance, IAV infection activates TLR4 pathway in lung 
macrophages by recognizing IAV nucleoprotein (NP), though whether 
NP triggers IFN-β production via TLR4 is not measured (Kim et al., 
2022). Accumulating results suggest that and several host-derived 
damage-associated molecular patterns (DAMPs) can activate TLR4 
pathway and trigger proinflammatory cytokines release, such as high-
mobility group box 1 protein (HMGB1) and oxidized phospholipids 
(Imai et  al., 2008; Shirey et  al., 2016; Bertheloot and Latz, 2017). 
Moreover, RNA intermediates of IAV replication can be sensed by 
retinoic-acid inducible gene I (RIG-I) in the nucleus, resulting in the 
expression of IFN-I and proinflammatory cytokines (Liu et al., 2018). 
Viral ribonucleoproteins (vRNPs) are potentially recognized by 
Z-DNA-binding protein 1 (ZBP1), which triggers the activation of 
NLRP3 inflammasome to release IL-1β and IL-18 (Kuriakose et al., 
2016). An overview of macrophage sensing implicated in IAV 
infection is provided in Figure 2.

It has been demonstrated that primary human macrophages can 
be infected by the avian H5N1 and seasonal H1N1 influenza viruses 
(Lee et al., 2009) and murine BMDMs can also be infected by the 
H1N1 and H5N1 viruses efficiently (Chan et  al., 2012). Upon 
influenza virus infection, macrophages produced IFN-I and other 
cytokines including type III IFNs, IL-12, IL-1β, tumor necrosis 
factor-alpha (TNF-α), IL-6, and several chemokines are induced 
through different pathways. Responsiveness of macrophages and 
induction of IFN-I play a crucial role in protecting the lower 
respiratory tract, limiting viral spread, and effective immune 
protection against influenza virus infection. For instance, following 
influenza virus infection, AMs-produced IFN-I plays a role of 
immune protection through the promotion of hematopoietic cell 
proliferation and differentiation (Essers et al., 2009; Sato et al., 2009) 
and the upregulation of chemokine (C-C motif) ligand 2 (CCL2), 
which is necessary for CCR2-dependent Ly6Chi monocyte egress 
from the bone marrow. However, IFNα/β IFNα/β may be exacerbated 
during virus infection by hindering viral control (Guarda et al., 2011; 
Teijaro et al., 2013) or by causing inflammation and tissue damage 
that exacerbate the disease (Hogner et  al., 2013; Davidson et  al., 
2014). Moreover, IFN-γ is a major cytokine associated with M1 
activation and is also involved in the M1/M2 paradigm together with 
LPS. The M1/M2 polarization following influenza virus infection will 
be discussed in the other section. In addition, IFN-λ is produced 
earlier and more frequently than IFN-I in influenza infection, which 
establishes the cellular state of viral resistance and induces a similar 
ISGs signature. Because of the abundant expression of IFN-λ in the 
initial stage of infection, IFN-λ signaling in macrophages likely plays 
a crucial role in combating influenza infection (Mallampalli et al., 
2021). During influenza virus infection, IFN-λ is produced mainly by 
alveolar type II epithelial cells (ATIIs; Wang et al., 2009) and limits 
virus infection in respiratory and gastrointestinal epithelial cells since 
the expression of functional interferon λ receptor (IFNLR) complexes 

TABLE 1 The polarization types, secreted molecules, and main functions 
of macrophages.

Phenotypes Secreted molecules Main functions

M1 IL-1β, IL-12, IL-23, IL-10, 

TNF, IL-6, iNOS, CCL2, 

CCL3, CCL4, CCL5, CCL9, 

and CCL10

Th1 responses; 

antimicrobial properties; 

and tumor resistance

M2a Arg, IL-10, IL-1Ra, TGF-β, 

CCL17, and CCL22

Th2 responses; tissue 

remodeling; wound 

healing; and anti-

inflammatory

M2b IL-10, IL-12, TNF, IL-1β, 

IL-6, and CCL1

Th2 activation; immune 

regulation; tumor 

progression; and 

promoting infections

M2c IL-10, TGF-β, and MerTK Immune regulation; tissue 

remodeling; and phagocyte 

apoptotic cells

M2d IL-10, VEGF Angiogenesis; tumor 

progression
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in the lungs and intestine is confined to epithelial cells (Mordstein 
et  al., 2010). However, expression of IFNLR1  in macrophages is 
species-specific since macrophage colony-stimulating factor (M-CSF) 
or GM-CSF stimulation fails to induce ISGs after IFNL2 or IFNL3 
stimulation in mice (Mallampalli et  al., 2021). IFN-λ production 
reduces viral release and suppresses influenza virus-induced secretion 
of inflammatory cytokines including chemokines and IFN-β (Wang 
et al., 2009), facilitates the protective immune response of IAV-specific 
CD8+ T cells (Hemann et al., 2019), and promotes the proliferation 
and maturation of natural killer cells (Wang et  al., 2017), with 
relatively fewer inflammatory side effects than IFN-α (Davidson 
et al., 2016).

3.2. The role of macrophages in the 
induction of excessive inflammatory 
response

Following influenza virus infection, the severity of the disease 
depends on the virulence of the influenza virus and host factors (Liu 
et  al., 2016). In the 1918 H1N1 or the H5N1 viruses infection, 
cytokines and chemokines are excessively induced, causing a 
hypercytokinemia or “cytokine storm” that results in histopathological 
changes, systemic sepsis, and multi-organ dysfunction (Tisoncik et al., 
2012; Liu et al., 2016; Wei et al., 2022). Recruitment of monocytes and 
expression of proinflammatory cytokines are upregulated in young 
mice during IAV infection, with increased secretion of IFN-I, 
monocyte chemotactic protein 1 (MCP-1), excessive recruitment of 

inflammatory monocytes, and persistent activation of NLR family 
pyrin domain containing 3 (NLRP3), resulting in increased mortality 
in young mice (Coates et al., 2018). Further studies have found that 
mice lacking NO synthase 2 (NOS2) or TNF have a decreased 
mortality during influenza virus infection, and that recruited 
macrophages are the major producers of inducible nitric oxide 
synthase (iNOS) production and directly responsible for NOS2 and 
TNF production, maybe the main cell population responsible for 
immunopathology (Karupiah et al., 1998; Jayasekera et al., 2006; Lin 
et al., 2008).

Macrophages can cause pathological immunity following 
influenza virus infection but also secrete cytokines to counteract the 
over-reactive inflammatory response. IL-10 is a robust anti-
inflammatory factor mainly derived from macrophages, which 
inhibits the overproduction of inflammatory cytokines during 
infection or tissue injury through negative feedback regulation (Iyer 
et al., 2010). Inflammatory cytokines comprising IL-1β and TNF are 
produced in large quantities early in influenza virus infection, and 
homeostasis-related cytokines including IL-10 emerge later to inhibit 
the innate immune inflammatory response (Tisoncik et  al., 2012; 
Wang et  al., 2012). In addition to IL-10, macrophage-sourced 
peroxisome proliferator-activated receptor γ (PPAR-γ) suppresses 
overstated antiviral and inflammatory reactions caused by influenza 
virus infection (Huang et al., 2019). Level of PPAR-γ is downregulated 
in macrophages through IFN-dependent signaling during influenza 
virus infection, whereas expression of genes related to healing injured 
tissue in late disease such as endothelial and epithelial cell growth 
factors, is blocked in mice lacking PPAR-γ, suggesting that 

FIGURE 2

Macrophage sensing of influenza virus. TLR3, 7, and 8 can sense incoming virions. TLR4 is activated by HMGB1 or IAV nucleoprotein. TLR engagement 
results in the activation of proinflammatory or antiviral gene expression downstream of NF-κB or IRF3/7 signaling pathways. Additionally, replication 
products of IAV are recognized by nuclear RIG-I or ZBP1, inducing gene expression.
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macrophage-derived PPAR-γ promotes tissue repair (Huang et al., 
2019). Transcription factors also play a key role in regulating the 
inflammatory and reparative effects of AMs after infection, such as 
β-catenin and HIF-1α, and deletion of these transcription factors in 
AMs results in accelerated rates of inflammation and lung repair (Zhu 
et al., 2021). In addition to AMs, IMs also exhibit another activation 
phenotype and play an immunomodulatory role in controlling 
excessive lung inflammation following influenza infection (Ural 
et al., 2020).

4. IAV infection and macrophage 
phagocytosis

As professional phagocytes, macrophages perform an 
instrumental role in clearing infectious organisms through the 
internalization and degradation of pathogens and by phagocytosis of 
apoptotic cells. Phagocytosis can be mediated through the phagocytic 
receptors on the surface of macrophages including mannose receptors, 
scavenger receptors (SRs), complement receptors, macrophage 
receptors with collagenous structure (MARCO), CD36, and Fc 
receptors. Phagocytosis by macrophages of apoptotic IAV-infected 
cells inhibits further transmission of the virus and facilitates disease 
control (Watanabe et al., 2005). When the IAV-infected epithelial cells 
undergo apoptosis, they can be  effectively phagocytosed by 
macrophages at an early stage, which leads to the inhibition of virus 
growth (Fujimoto et al., 2000). Similarly, IAV-infected mice-derived 
BAL macrophages incorporate phagocytosed apoptotic cells and 
IAV-infected mice-derived AMs exhibit enhanced engulf capacity 
than uninfected mice-derived AMs (Watanabe et al., 2005; Hashimoto 
et  al., 2007). The influenza virus-infected mice are treated with 
phagocytosis inhibitors, resulting in decreased levels of phagocytosis 
with BAL cells and increased lethality and lung inflammation in those 
mice (Watanabe et al., 2005). Further studies have demonstrated that 
phosphatidylserine (PS) and carbohydrate molecules on the 
macrophage surface mediate the process of phagocytosis of influenza 
virus-infected cells, and these molecules are modified by influenza NA 
expressed in virus-infected cells (Shiratsuchi et al., 2000; Watanabe 
et al., 2002). During virus-infected cell apoptosis, PS located in the 
inner layer of the plasmatic membrane is exposed on the cell surface 
and acts as a potent prophagocytic signal to attract phagocytes 
(Shiratsuchi and Nakanishi, 2006; Birkle and Brown, 2021). In steady-
state conditions, “Do not eat me” signal is activated and prevents cells 
from being phagocytosed, while virus infection causes a profound 
reduction of surface silicic acid residues on live influenza virus-
infected cells (Nita-Lazar et al., 2015), which promotes phagocytosis 
of the cells (Meesmann et al., 2010). During influenza virus infection, 
virus-infected alveolar type II cells and epithelial cells can release the 
find-me signals to direct macrophages toward their positions and 
facilitate their phagocytoses, such as C-X-C Motif chemokine ligand 
10 (CXCL10) and other chemokines including CXCL8/12 (Birkle and 
Brown, 2021). Furthermore, the complement system and PPRs also 
play an important role in rapidly mobilizing macrophages to the 
destination location shortly after the infection with the influenza virus 
and promote phagocyte recognition (Birkle and Brown, 2021). 
Therefore, apoptosis of cells infected with the influenza virus causes 
phagocytosis of such cells, and direct clearance of the virus function 
as a mechanism for the antiviral immune response.

However, excessive clearance is detrimental to the inflammatory 
response. Further studies have demonstrated that MARCO plays a 
deleterious role for in early influenza viral immune responses (Ghosh 
et  al., 2011). The enhanced proinflammatory gene induction in 
macrophages is observed in MARCO-deficient macrophages, and 
MARCO-deficient mice infected with IAV show improved survival 
and earlier relief from weight loss and morbidity symptoms (Ghosh 
et al., 2011). This is mainly due to the removal of proinflammatory 
oxidized lipoproteins from cellular debris by MARCO, which inhibits 
the early inflammatory response (Ghosh et  al., 2011). Oxidized 
phospholipids are recognition signals released by apoptotic cells that 
promote phagocytosis of apoptotic cells, while inducing several 
proinflammatory genes such as MCP1 and IL-8 facilitate the 
resolution of acute inflammation (Kadl et al., 2004). Furthermore, it 
has been revealed that after sensing pathogens, macrophages can crawl 
through the pores of Kohn between alveoli and engulf pathogens with 
high phagocytic efficiency, whereas influenza virus infection impairs 
macrophages crawling through IFN-γ signaling, causing inappropriate 
inflammation and injury by excessive induction of neutrophil and 
increasing secondary bacterial infection (Neupane et  al., 2020). 
Additionally, AMs have higher levels of phagocytic activity and faster 
phagocytic processes than IMs, while IMs located in interstitial 
locations with lower phagocytic capacity can engulf pathogens that 
escape from AMs, thus reducing the spread of pathogens within the 
organism (Fathi et al., 2001).

The phagocytic capacity of macrophages is also affected following 
influenza virus infection, and macrophage phagocytic activity against 
apoptotic cells is increased in vitro when macrophages are incubated 
with the supernatant from IAV-infected epithelial cells (Hashimoto 
et al., 2007). And cells infected with the influenza virus undergoing 
apoptosis can release heat-labile substances that stimulate the 
phagocytic activity of macrophages (Hashimoto et  al., 2007). 
Environmental pollutants, cigarette smoke, and alcohol also can 
inhibit the phagocytosis of macrophages (Karavitis and Kovacs, 2011). 
Moreover, older adults have comparatively lower macrophage 
numbers and reproductive capacity, and exhibit higher mortality after 
influenza virus infection due to selective downregulation of the 
clearance receptor CD204 (Wong et al., 2017). The AMs of offspring 
of pregnant mice infected with the influenza virus have a reduced 
ability to clear influenza B virus and MRSA and are more susceptible 
to influenza virus infection (Jacobsen et al., 2021).

5. IAV-induced secondary bacterial 
pneumonia involves lung 
macrophages

Secondary bacterial pneumonia is another dominant cause of 
fatalities caused by IAV infection (Smith and McCullers, 2014) and is 
the main cause of human mortality for the 1918 Spanish flu (Morens 
et  al., 2008). Many studies have shown that the progression of 
secondary bacterial infections is regulated by IAV proteins. For 
example, non-structural protein 1 (NS1) affects the regulation of the 
interferon response and its motif acts directly in influenza virus and 
S. pneumoniae co-infections (Shepardson et  al., 2019). NA also 
facilitates access to receptors and nutrients for S. pneumoniae and 
thereby promotes the development of bacterial infection (Feng et al., 
2013; Siegel et al., 2014), whereas matrix 1 protein (M1; Halder et al., 
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2011), NP (Tripathi et al., 2013), M2 (Ichinohe et al., 2010), and HA 
(Klonoski et al., 2018) indirectly help in secondary bacterial infection 
development. In addition to functional defects, influenza virus 
infection decreases the number of AMs, resulting in increased 
susceptibility to bacterial superinfections (Ghoneim et al., 2013).

Multiple pathways of secondary bacterial pneumonia caused by 
IAV infection in relation to lung macrophages have been reported. As 
a preliminary point, AMs susceptibility to IAV-induced apoptosis 
promotes secondary bacterial infection by reducing anti-microbial 
lung macrophages (Ghoneim et al., 2013). This is also supported by 
the findings that the risk of secondary pneumococcal pneumonia 
decreased on the 14th day after infection with IAV, coinciding with a 
recovery in the number of AMs (Ghoneim et al., 2013). Moreover, 
inappropriate expression of cytokines can increase the risk of 
secondary bacterial infections by modulating macrophages. For 
example, IL-27 regulates the enhancement of S. aureus pneumonia 
susceptibility after influenza virus infection through the induction of 
IL-10 and the inhibition of IL-17 (Robinson et  al., 2015). IFN-I 
production induced by IAV infection also enhances the susceptibility 
to secondary bacterial pneumonia because influenza-infected 
IFNAR−/− mice show increased survival and an increased capacity 
to clear secondary S. pneumoniae infection (Shahangian et al., 2009). 
In another study, IAV-induced IFN-γ inhibits the expression of 
MARCO by macrophages, thereby further inhibiting the uptake and 
killing S. pneumoniae during superinfections (Sun and Metzger, 2008). 
Additionally, influenza virus infection also chronically inhibits the 
ability of AMs to respond to TLR ligands. TLR9 expression on the 
surface of macrophages is upregulated after IAV infection (Martinez-
Colon et al., 2019). It has been reported that TLR9-deficient mice 
show an increased expression of scavenger receptor A and iNOS on 
macrophages and an increased phagocytosis and killing of bacteria 
after influenza virus infection (Martinez-Colon et al., 2019). Anyway, 
these studies are mainly based on the findings that did not consider 
the lung microbiota, so it is imperative to include the role of the 
respiratory microbiome in influenza and secondary 
bacterial superinfections.

6. Involved in adaptive immune 
responses

Adaptive response, including CD4+ Th cells, CD8+ cytotoxic T 
lymphocytes (CTLs), B cells, and antigen-specific antibodies. 
Antigen-presenting cells (APCs) take up foreign substances and 
further degraded and presented them to T cells via MHC I or II 
molecules, or to T cells via other APCs. Endogenously processed 
viral peptides are presented by MHC I molecules on virus-infected 
cells surface and recognized by naive CD8+ T cells, which induces 
naive CD8+ T cells to differentiate into cytotoxic T cells that can 
recognize and kill virus-infected cells, whereas naive CD4+ T cells 
recognize exogenously processed peptides presented by MHC II 
molecules and differentiate through different pathways to generate 
effector subpopulations with different immune functions such as 
Th1 cells, Th2 cells, T follicular helper (Tfh), Th17 cells, and 
regulatory T cells (Tregs), which regulate the activation of target cells 
(Jin et al., 2012; Roche and Furuta, 2015). Th1 cells in the respiratory 
tract are activated following influenza virus infection, resulting in 
the production of TNF-α, IL-2, and IFN-γ (Zhu et  al., 2010). 

Although T cell-mediated immune responses have a limited role in 
preventing initial viral replication, IFN-γ-producing Th1 cells are 
necessary for CD8+ T-cell activation and clearance of influenza virus 
and in preparation for recurrent infection. After influenza virus 
infection, Th2 cell-mediated immune responses aggravate lung 
tissue injury and postpone viral elimination (Graham et al., 1994). 
Highly specific and memorized humoral responses require the 
involvement of Tfh cells, whereas Th17 cells are involved in viral 
pathogenicity because influenza antigens-induced Th17 cells 
increase lung inflammation and morbidity after influenza virus 
challenging (Maroof et al., 2014; Miyauchi, 2017). However, other 
studies have suggested that the adoptive transfer of Th17 cells 
protects naive mice from a deadly flu challenge and defense against 
bacterial infections following influenza virus infection (McKinstry 
et al., 2009; Kudva et al., 2011). Furthermore, IAV stimulates the 
migration of Tregs into the lungs, this leads to a reduction in the cell 
number of Th17 cells and infiltrated neutrophils as well as 
diminished lung inflammation (Egarnes and Gosselin, 2018). 
Collectively, the viral sensing system detects influenza virus 
infection and releases chemokines to facilitate the migration of naive 
T cells, induce cytokines signaling, and convert APCs to effector 
T cells.

Antigen-presenting cells are important mediators that bridge the 
innate immune responses and adaptive immune system. The major 
APCs in activated naive T cells are DCs, which are the main initiating 
APCs and are induced to move toward local lymphatic tissues to 
present antigens and activate naive T cells under infection and 
inflammation conditions (Itano and Jenkins, 2003). Unlike DCs, 
tissue-resident macrophages are usually non-migratory and virus 
invasion does not cause them to migrate to lymphoid tissue, and 
therefore AMs have a limited role in antigen presentation and mostly 
maintain homeostasis of the lungs (Itano and Jenkins, 2003; Hou et al., 
2021). Macrophages may be more important for the local amplification 
of T-cell responses already initiated by DCs. Macrophages rely on 
phagocytosis for antigen uptake, phagocytose and degrade them into 
peptides for presentation, while intracellular signaling is triggered by 
recognition of influenza virus by TLRs (Roche and Furuta, 2015; 
Koutsakos et  al., 2019). Importantly, IMs are found to be  more 
competent than AMs in driving T cell responses (Zaynagetdinov 
et al., 2013).

Efficacious humoral responses in the period of influenza virus 
infection encompass the induction of virus-specific neutralizing 
antibodies against viral HA and NA in an attempt to block infection, 
which is predominantly strain-specific (Waffarn and Baumgarth, 
2011). It has been demonstrated that macrophages also promote 
humoral immunity. Recent studies have revealed that influenza virus 
rechallenge induces resident memory B (RMB) cell mobility and fast 
relocation to infected sites, subsequently differentiates into plasma 
cells and therefore leads to increased local antibody concentrations, 
this process is mediated by AMs, partly due to the induction of CXCL9 
and CXCL10 expression (MacLean et al., 2022). These findings suggest 
that it will be  useful to integrate strategies for inducing the 
concentration of cross-reactive antibodies at or near the location of 
viral entry (Iwasaki, 2016). Antigenic exposure at mucosal sites 
directly induces innate immune memory in tissue-resident 
macrophages populations, which are a new vaccine target for the 
development a novel type of adjuvants and of respiratory mucosal 
vaccine against influenza virus (Xing et al., 2020; Wang X. et al., 2022).
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7. Conclusions and future perspective

The uncontrolled spread of influenza viruses places a burden on 
the public health of society and creates a serious threat to human life 
and health. The most seasonal and low pathogenic strains of the 
influenza virus cause an abortive infection in macrophages and 
therefore contribute to effective host defense, whereas some highly 
pathogenic strains of IAV infect macrophages productively. Given the 
diversity and plasticity of macrophages, elucidating the complicated 
interactions between macrophage phenotype and influenza virus 
infection will be helpful for deciphering the mechanisms implicating 
severe influenza disease. The development of single cell omics has led 
to new information regarding lung macrophages subtypes (Aegerter 
et al., 2022). Moreover, the advent of newer technologies of lineage 
tracing have improved our understanding of the plasticity of 
macrophages during and after infection, particularly in relation to 
AM subsets that originate from yolk sac macrophages versus MDMs. 
In the future, we can identify host restriction factors that determine 
abortive versus productive infection in macrophage types and 
distinguish different macrophages, and define biological agents that 
regulate the migration and differentiation of lung macrophages 
following influenza virus infection, these studies are also likely to 
provide new solutions for treatment and therapy options.
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