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Each year, hundreds of thousands of individuals succumb to influenza virus infection and
its associated complications. Several preventative and therapeutic options may be applied
in order to preserve life. These traditional approaches include administration of seasonal
influenza vaccines, pharmacological interventions in the form of antiviral drug therapy and
supportive clinical approaches including mechanical ventilation and extracorporeal
membrane oxygenation. While these measures have shown varying degrees of
success, antiviral therapies and vaccination are constrained due to ongoing antigenic
drift. Moreover, clinical approaches can also be associated with complications and
drawbacks. These factors have led to the exploration and development of more
sophisticated and nuanced therapeutic approaches involving host proteins. Advances
in immunotherapy in the cancer field or administration of steroids following virus infection
have highlighted the therapeutic potential of targeting host immune responses. We have
now reached a point where we can consider the contribution of other “non-traditional” host
components such as the extracellular matrix in immunity. Herein, we will review current,
established therapeutic interventions and consider novel therapeutic approaches involving
the extracellular matrix.

Keywords: immunity, extracellular matrix, influenza, therapeutics, metalloproteinases

INTRODUCTION

Influenza virus infections, known colloquially as “the flu” are acute infections of the respiratory tract
caused by members of the influenza virus genera in the Orthomyxoviridae family. Though influenza
A, B, and C viruses are capable of infecting humans, seasonal epidemics are typically caused by
influenza A and B viruses (Kawaoka and Neumann, 2012). At the moment, only influenza A viruses
are considered to have pandemic potential. While the majority of these infections are self-limiting in
healthy individuals, when susceptible members of the population become infected, the prognosis
may be far less favourable. Those particularly at risk of influenza virus complications are
predominantly the very young, the elderly and the immunocompromized. When these
individuals become infected, there is a significantly greater likelihood of complications including
viral pneumonia, secondary bacterial pneumonia, acute respiratory distress syndrome (ARDS),
sepsis, encephalitis, pericarditis, andmyocarditis, just to name a few (reviewed by (Kalil and Thomas,
2019)). It is in these instances that medical intervention is required. In addition to the risk posed by
seasonal influenza virus epidemics to vulnerable populations, it is also vital that we have effective
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intervention strategies available in the event of an influenza virus
pandemic. As demonstrated by the 1918 “Spanish Flu,” the
impact on the the aforementioned susceptible populations was
less Hoffman (2011), Short et al. (2018), Auladell (2019) than that
seen on younger, healthy members of the population.
Furthermore, the ongoing COVID-19 pandemic has
highlighted global vulnerabilities when dealing with large-scale
respiratory virus outbreaks. It is therefore necessary to re-evaluate
current strategies, whilst also developing alternative approaches
that can be applied to a variety of infectious agents. This will be
discussed throughout this review. A summary of current and
emerging strategies can be found in Figure 1 and Table 1.

PREVENTATIVE STRATEGIES

As with any infectious agent, the best course of prevention is to
ensure the virus doesn’t cause disease in the first place. This may
be achieved through vaccination, whereby you prevent the virus
gaining access and entry to target cells or through behavioral
modifications that reduce the likelihood of an individual being
exposed to the virus.

Seasonal Vaccination
The most common method of preventing infection with a viral
pathogen is vaccination, and for influenza viruses this is required
on a seasonal basis. At present, there are two approved platforms
for influenza vaccines–1) live, attenuated influenza vaccines

(LAIV), and 2) inactivated influenza vaccines (Fiore et al.,
2010). While both vaccines illicit a robust hemagglutinin-
directed antibody response, LAIV also has the capacity to
activate T cell immunity (Hoft et al., 2011; Estrada and
Schultz-Cherry, 2019). Despite broad use, vaccine efficacy is
variable and susceptible to changes is circulating strains. As
the vaccines predominately target the hypervariable viral
hemagglutinin head, they are vulnerable to mutations (genetic
drift) and as such need to be reformulated on an annual basis
(Demicheli et al., 2018; Sautto et al., 2018; Estrada and Schultz-
Cherry, 2019). Furthermore, the time required to manufacture
vaccines may impact responses during an evolving influenza virus
pandemic, highlighting the need for development of a more
broadly protective universal influenza vaccine (Ellebedy and
Webby, 2009; Krammer and Palese, 2013; Sparrow et al., 2021).

Universal Influenza Virus Vaccines
In an effort to circumvent issues associated with current seasonal
influenza vaccines, “universal vaccine” platforms have been under
development for many years. Current vaccines for influenza
viruses target the highly variable head of the viral
hemagglutinin (HA) protein (Ellebedy and Webby, 2009; Xu
et al., 2010; Sautto, Kirchenbaum et al., 2018; Estrada and Schultz-
Cherry, 2019). By targeting highly conserved regions, we may
reduce the need for seasonal vaccines (Ellebedy et al., 2014; Jang
and Seong, 2019). Universal vaccines that have focused on the
conserved HA stalk region have been developed in recent years
for influenza A viruses (Krammer and Palese, 2013). As such,

TABLE 1 | Evaluation of current and emerging therapeutics for influenza virus infection.

Strategy Current/emerging Prophylactic/
therapeutic

Strengths Limitations

Seasonal
vaccination

Current Prophylactic Offers a range of protection against seasonal
strains of influenza virus (Hoft et al. (2011), Estrada
and Schultz-Cherry (2019)

Negatively impacted by antigenic drift and shift
Demicheli et al. (2018), Sautto et al. (2018), Estrada
and Schultz-Cherry (2019)

Universal
vaccination

Emerging Prophylactic Antigenic drift has less impact and can be applied
to pandemic strains Ellebedy and Webby (2009),
Ellebedy et al. (2014), Jang and Seong (2019)

Still under development and uncertainty remains
regarding effectiveness Estrada and
Schultz-Cherry (2019)

Public health
measures

Current Prophylactic Reduces the transmission of influenza virus Yeoh
et al. (2020)

Not socially or economically sustainable Dubey
et al. (2020)

Antiviral drug
therapy

Current Both May be used in a prophylactic or therapeutic
context Amarelle et al. (2017), Higashiguchi et al.
2018, Gaitonde et al. (2019)

Emergence of antiviral drug resistance that limits
efficacy Lackenby et al. (2011), Hussain et al.
(2017), Goldhill et al. (2018)

Corticosteroid
therapy

Current Therapeutic May reduce lung pathology Li et al. (2017) May contribute to increased mortality Viasus et al.
(2011), Ni et al. (2019), Ye et al. (2020), Zhou et al.
(2020)

Clinical
interventions

Current Therapeutic Potentially lifesaving Davies et al. (2009), Popat and
Jones (2012)

Invasive, potential for increased viral transmission
Davies et al. (2009), Arulkumaran et al. (2020), Ng
et al. (2020), Al Lawati et al. (2021)

ECM manipulation Emerging Unknown Newly identified roles for zinc proteases in virus
infection. Wu et al. (2007), McMahon, et al. (2016),
Rojas-Quintero et al. (2018), Boyd et al. (2020)

New field of research – many unknowns

Small molecule
inhibitors

Emerging and
current (in other
disorders)

Unknown Evidence of successful MMP, ADAM and ADAMTS
protein inhibition Malemud (2019), Santamaria et al.
(2021)

Pre-clinical stages

Antibody-based
inhibition

Emerging and
current (in other
disorders)

Unknown Evidence of in vitro, in vivo and human ex vivo
inhibition Larkin et al. (2015), Santamaria et al.
(2015)

May lack binding specificity Santamaria et al.
(2021)

Frontiers in Molecular Biosciences | www.frontiersin.org July 2021 | Volume 8 | Article 7034562

Pedrina and Stambas Harnessing Host Responses Against Influenza

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


stalk-based targets appear to be a promising candidate in the hunt
for a universal vaccine (Mallajosyula et al., 2015). Another highly
conserved potential target is the ectodomain matrix protein 2
(M2e) found on influenza A viruses. Unlike other targets, M2e
does not generally stimulate the expression of neutralizing
antibodies, but instead induces non-neutralizing antibodies
that trigger antibody-dependent cell-mediated cytotoxicity
(Simhadri et al., 2015). There has been significant activity in
the universal vaccine space and candidates are under
development or in clinical trial, with only limited knowledge
as to the degree and longevity of protection they offer (Corder
et al., 2020).

Public Health Measures
During the current coronavirus disease (COVID-19) pandemic,
governments around the world have introduced necessary public
health measures in an effort to reduce the rate of transmission of
SARS-CoV-2 virus. While the specific nature of these measures
varied, curfews, lockdowns, social distancing and the
implementation of mask-wearing have all been introduced to
mitigate spread of disease. As a consequence of these measures,
there has been a significant decline in the number of laboratory-
confirmed influenza virus infections observed (Yeoh et al., 2020).
The most likely explanation for this marked reduction is not
fewer diagnostic tests, but rather the similarities in transmission
route for both respiratory viruses (Wu et al., 2020; Yeoh et al.,
2020). Therefore, by implementing public health measures to
stem the rate of coronavirus infection, a positive byproduct has
been a reduction in transmission of influenza viruses. Despite the
success of these measures, it should be noted that curfews and

lockdowns are simply not sustainable beyond a pandemic setting,
due to the significant economic and psychosocial burden they
create (Dubey et al., 2020).

PHARMACOLOGICAL INTERVENTION

Though the best course of action is to prevent influenza virus
infection, as with many infectious agents, this is not always
feasible. In these cases, it is necessary to switch from a
preventative model to one of harm minimization. There are a
range of pharmacological interventions that may be implemented
as supportive therapies in order to reduce the rate of viral
replication, as well as to ameliorate the damaging effects of
immunopathology on tissue during the process of viral
clearance. The most common of these treatments are discussed
further throughout this section.

Antiviral Drug Therapies
Following infection with influenza viruses there are several
antiviral drugs that may be administered as supportive
therapies. Of these drugs, there are currently three major
classes approved for use in a clinical setting–M2 ion channel
inhibitors, neuraminidase inhibitors, and transcriptional
inhibitors (Amarelle et al., 2017; Hayden et al., 2018). It
should also be noted that there are a number of drugs
targeting various components of influenza viruses or the
human immune system, that are currently under
development and are not discussed as they are beyond the
scope of this review.

FIGURE 1 | Current and emerging intervention strategies for the prevention and treatment of influenza virus infection. Strategies have been noted as virus or host
specific, approved or in development, and nature of treatment (prevention or intervention).
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M2 Ion Channel Inhibitors
The oldest group of antiviral drugs approved for the treatment of
influenza A virus infections are the M2 ion channel inhibitors.
The drugs amantadine and rimantadine inhibit the function of
the M2 ion channel of influenza A viruses, preventing viral
uncoating and the transfer of viral genomic material into the
host cell (Hay et al., 1985; Lampejo, 2020). Due to their
mechanism of action, these drugs are only effective against
influenza A viruses, as all other influenza viruses lack M2 ion
channels. The M2 ion channel inhibitors are no longer
recommended for administartion due to the large percentage
of circulating influenza A strains where resistance has been
identified (Hussain et al., 2017).

Neuraminidase Inhibitors
Neuraminidase inhibitors are among the most effective antiviral
drugs used in the clinic for the treatment of influenza virus
infection. Mechanistically, these antiviral therapeutics block the
enzymatic activity of the viral neuraminidase, preventing cleavage
of sialic acid residues and release of new virions from the host cell
(Sidwell et al., 1998). Within this class, of drugs there a currently
two approved antivirals administered for the prevention and
treatment of influenza A and B infection; oseltamivir (oral),
and zanamivir (inhaled), and two approved for treatment only;
peramivir (intravenous), and laninamivir (inhaled) (Amarelle
et al., 2017; Higashiguchi et al., 2018; Gaitonde et al., 2019).
Despite their success in the past, emergence of viral resistance to
these drugs is becoming an increasing problem (though not to the
same extent as the M2 ion channel inhibitors), and these drugs
will need to be used responsibly to ensure their effectiveness is
maintained (Lackenby et al., 2011; Li et al., 2015).

Transcriptional Inhibitors
Transcriptional inhibitors are a broad category of antiviral drugs
that inhibit viral replication pathways, by blocking viral
transcription. This category includes the viral RNA-dependent
RNA polymerase inhibitor, favipiravir, as well as the more recent
selective cap-dependent endonuclease inhibitor baloxavir
marboxil (Furuta et al., 2013; Takashita et al., 2018). While
both these drugs are approved for the treatment of influenza
A and B infections (pandemic use only in the case of favipiravir),
there is little evidence in the literature that supports their
potential as prophylactics (Lampejo, 2020). Furthermore, as
with other antivirals on the market, there is strong evidence to
suggest influenza viruses have the potential to develop resistance
to these treatments, rendering them ineffective (Goldhill et al.,
2018; Takashita et al., 2019).

Corticosteroid Treatment
Of the pharmacological interventions currently available for
treatment of acute respiratory infections such as influenza
viruses and SARS-CoV-2, corticosteroid therapy is possibly
one of the most controversial. During infection, the immune
system may respond excessively in an attempt to clear the
infectious agents. In doing so, tissue may become damaged as
a consequence of excessive production of proinflammatory
cytokines Li et al. (2017), leading to further complications.

The principle aim of this type of therapy is to counteract
excessive inflammation and reduce immunopathology (La
Gruta et al., 2007). Although corticosteroids have been used in
the treatment of severe viral respiratory infections and associated
complications for some time, evidence is beginning to emerge
that administration of corticosteroids such as dexamethasone
during influenza virus infection does not reduce the risk of
further complications, and may in fact be contributing to
increased mortality (Viasus et al., 2011; Ni et al., 2019; Ye
et al., 2020; Zhou et al., 2020).

CLINICAL INTERVENTIONS

Despite the availability of pharmacological therapeutics for
the treatment of influenza virus infection, in severe cases or
in individuals with secondary complications, more invasive
clinical interventions may be necessary to maintain
respiratory function. The most common of these
supportive measures are noninvasive mechanical
ventilation, invasive mechanical ventilation, and
extracorporeal membrane oxygenation (ECMO).
Noninvasive mechanical ventilation refers to the provision
of respiratory support without direct tracheal involvement,
in the form of oxygen delivery via face mask, helmets, mouth
pieces etc. (Popat and Jones, 2012). Conversely, invasive
mechanical ventilation involves direct access to the
trachea, typically via intubation (Popat and Jones, 2012).
Although both measures may be necessary to preserve life,
they are associated with increased risk of transmission of
respiratory viruses to healthcare workers, due to the
production of aerosols (Esquinas et al., 2014; Arulkumaran
et al., 2020; Ng et al., 2020; Al Lawatis et al., 2021). If hypoxia
continues in the presence of invasive mechanical ventilation,
extracorporeal membrane oxygenation (ECMO) may be
implemented as a last resort. ECMO acts as an artificial
heart and lung, externally oxygenating the blood, then
returning it to the circulatory system. Given the extremely
invasive nature of the procedure and the many associated
risks, ECMO is only ever used in life-threatening infections
when all other measures have failed (Davies et al., 2009;
Kowalewski et al., 2020).

THERAPEUTIC POTENTIAL OF THE
EXTRACELLULAR MATRIX

As highlighted throughout this review, current preventative
strategies and therapeutic treatments are all either not
sustainable, highly invasive, or are susceptible to being
rendered ineffective through constant mutations in the
genome of these viruses. These factors clearly necessitate the
development of novel therapeutics that counteract the
vulnerabilities described throughout this review. Although the
host immune response has been studied in depth as a potential
source of therapeutic targets, “non-traditional” elements of the
response are often overlooked.
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Extracellular Matrix
One such element often overlooked is the extracellular matrix, or
ECM. The ECM is a highly dynamic, non-cellular structure that
plays a key role in cellular signaling, growth, repair, migration,
and general homeostasis (Hynes, 2009; Bonnans et al., 2014;
Theocharis et al., 2019). In mammalian systems, the ECM is
comprised of hundreds of different proteins including
glycoproteins, collagens, and proteoglycans, just to name a few
(Hynes and Naba, 2012). While historically viewed as a rigid
network with a purely structural role, the ECM is now understood
to be a highly complex and vital component of tissues. More
recently, the ECM has been found to have both positive and
negative associations with different disease states, depending on
the degree of remodeling by metalloproteinases (Bradley et al.,
2012; Klose et al., 2013; Cal and Lopez-Otin 2015; Binder et al.,
2017; Herrera et al., 2018). It is therefore a logical progression to
investigate the ECM and the enzymes that remodel it as a
potential therapeutic target to enhance the immune response
against infectious disease, including influenza virus infections.

A Disintegrin-like and Metalloproteinase
with Thrombospondin Motifs
Of these ECM remodeling enzymes, the a disintegrin-like and
metalloproteinase with thrombospondin motifs (ADAMTS)
family is one of the more recently discovered, with its first
member ADAMTS1, identified in 1997 (Kuno et al., 1997;
Porter et al., 2005). Since that time, an additional 18
mammalian members have been reported (Apte, 2009; Dubail
and Apte, 2015). The ADAMTS family are responsible for cleaving
a variety of substrates from proteoglycans (proteoglycanase clade),
to clotting enzymes (ADAMTS13), to yet unidentified substrates
(orphan clade) (Kelwick et al., 2015). As our knowledge of these
enzymes has become more sophisticated, their importance in
disease states has become more apparent. This has been
eloquently presented in reviews by (Mead and Apte, 2018;
Santamaria, 2020). While the role of these enzymes in cancer
biology has been known for some time Kumar et al. (2012a),
Kumar et al. (2012b), Cal and Lopez-Otin (2015), Chen et al.
(2018), very little was known about their function in the immune
response to viral infection. In 2016, a study by McMahon et al.
(2016) found that expression of ADAMTS5 was necessary for
optimal CD8+ T cell immunity at effector sites in the periphery, as
mice lacking this enzyme displayed increased disease severity and
poor viral clearance associated with an accumulation of the
ADAMTS 5 substrate versican in draining lymph nodes
following influenza virus infection. In contrast, a recent study
by Boyd et al. (2020) demonstrated that expression of ADAMTS4
in lung fibroblasts was associated with immunopathology and poor
disease outcomes in mice and humans (Boyd et al., 2020).
Furthermore, systems biology approaches have indicated that
overexpression of versican, an ADAMTS enzyme substrate, may
be associated with hyperinflammatory responses following severe
COVID-19 infection (Jung et al., 2021). These findings suggest that
ADAMTS enzymes and related pathways may be attractive
therapeutic targets and further investigation is warranted. In
support of these findings a number of antibodies and small

molecule inhibitors (for example GSK2394000, GSK2394002,
237-53, sugar-based arylsulfonamide 4b, and Agg-523) are
currently available and in clinical and preclinical trials that can
be used to target ADAMTS enzymes (Dancevic and McCulloch,
2014; Larkin et al., 2015; Santamaria et al., 2015; Shiraishi et al.,
2016; Balchen et al., 2018; van der Aar et al., 2018; Malemud, 2019;
Santamaria and de Groot, 2019; Santamaria, 2020; Santamaria
et al., 2021). It should be noted however that over-expression of
ADAMTS enzymes may also improve disease outcomes
(McMahon et al., 2016).

Matrix Metalloproteinases
In addition to the ADAMTS family, another key remodeling
enzyme family in the ECM are the matrix metalloproteinases
(MMPs). Unlike the ADAMTS family, the MMPs have been
studied for quite some time with proteolytic activity first being
described in 1962 (Gross and Lapiere, 1962). Of the 28 reported
MMPs, 23 are expressed in humans Cui et al. (2017), Raeeszadeh-
Sarmazdeh et al. (2020), and are grouped into broad clades based on
structure, function and substrate preference (Raeeszadeh-
Sarmazdeh et al., 2020). Unlike ADAMTS enzymes, the role of
MMPs is well-documented in immune responses, and has been
specifically characterized following influenza virus infection.While
some family members have been associated with protection, other
family members have been associated with poor outcomes
following influenza virus infection. A recent study by Rojas-
Quintero et al (2018) found that an absence of MMP9 in mice
resulted in increased viral clearance from the lung, likely due to the
induction of more effective adaptive immune responses and
reduced lung damage associated with reduced E-cadherin
shedding (Rojas-Quintero et al., 2018). Conversely, by inhibiting
the wnt pathway and reducing the expression of MMP2 and
MMP9, the extravasation of T cells is greatly impaired (Wu
et al., 2007). While this may be beneficial in certain disease
states where an anti-inflammatory environment is desired, in
the context of influenza virus infection, reduced T cell
migration can lead to delayed viral clearance and poor disease
outcomes (McMahon et al., 2016). MMP inhibitors have also been
tested in phase I clinical trials and have the potential to be utlized to
counteract poor virus infection outcomes (Brown 1999; Fingleton
2008; Li, Saji et al., 2013).

CONCLUSION

As demonstrated throughout this review, there are significant gaps
and controversies surrounding current influenza virus
prophylactics and therapeutics. A common theme highlighted
herein is the vulnerability of our current strategies due to our
overreliance of targeting influenza virus structures and replication.
If we are to overcome these vulnerabilities, the development of
novel therapeutics that target the host and work in consert or
complement existing strategies is critical in order to prepare us for
future epidemics or pandemics. The untapped potential of the
ECM and its remodeling enzymes has been demonstrated herein,
and further investigation of possible applications to viral immunity
is warranted.

Frontiers in Molecular Biosciences | www.frontiersin.org July 2021 | Volume 8 | Article 7034565

Pedrina and Stambas Harnessing Host Responses Against Influenza

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it for
publication.

FUNDING

NHMRC APP1158951. Grant to support a post-doctoral salary
and laboratory expenses. Deakin University, Faculty of Health,
provided funds for open access publication fees.

REFERENCES

Al Lawati, A., Khamis, F., Al Habsi, S., and Al Dalhami, K. (2021). Risk of Covid-19
Infection in Healthcare Workers Exposed During Use of Non-invasive
Ventilation in a Tertiary Care Hospital in OmanRisk of Covid-19 Infection
in Healthcare Workers Exposed during Use of Non-Invasive Ventilation in a
Tertiary Care Hospital in Oman. Oman Med. J. 36 (2), e236. doi:10.5001/
omj.2021.110

Amarelle, L., Lecuona, E., and Sznajder, J. I. (2017). Anti-Influenza Treatment:
Drugs Currently Used and Under Development. Archivos de Bronconeumología
(English Edition) 53 (1), 19–26. doi:10.1016/j.arbr.2016.11.020

Apte, S. S. (2009). A Disintegrin-Like and Metalloprotease (Reprolysin-type) With
Thrombospondin Type 1 Motif (ADAMTS) Superfamily: Functions and
Mechanisms. J. Biol. Chem. 284 (46), 31493–31497. doi:10.1074/
jbc.r109.052340

Arulkumaran, N., Brealey, D., Howell, D., and Singer, M. (2020). Use of Non-
Invasive Ventilation for Patients with Covid-19: a Cause for Concern?. Lancet
Respir. Med. 8 (6), e45. doi:10.1016/s2213-2600(20)30181-8

Auladell, M., Jia, X., Hensen, L., Chua, B., Fox, A., Nguyen, T. H. O., et al. (2019).
Recalling the Future: Immunological Memory Toward Unpredictable Influenza
Viruses. Front. Immunol. 10, 1400. doi:10.3389/fimmu.2019.01400

Balchen, T., Strotmann, R., Reinstrup Bihlet, A., Sonne, J., Ladel, C., Moreau, F.,
et al. (2018). Study Design of a Phase I, Placebo-Controlled, First-In-Human
Trial to Assess Safety and Tolerability, Immunogenicity, and Pharmacokinetics
and Pharmacodynamics of Single Ascending Doses of the Anti-Adamts-5
Nanobody, M6495, in Healthy Male Subjects. Osteoarthritis and Cartilage
26, S276–S277. doi:10.1016/j.joca.2018.02.56

Binder, M. J., McCoombe, S., Williams, E. D., McCulloch, D. R., and Ward, A. C.
(2017). The Extracellular Matrix in Cancer Progression: Role of Hyalectan
Proteoglycans and Adamts Enzymes. Cancer Lett. 385, 55–64. doi:10.1016/
j.canlet.2016.11.001

Bonnans, C., Chou, J., and Werb, Z. (2014). Remodelling the Extracellular Matrix
in Development and Disease. Nat. Rev. Mol. Cel. Biol. 15 (12), 786–801.
doi:10.1038/nrm3904

Boyd, D. F., Allen, E. K., Randolph, A. G., Guo, X. J., Weng, Y., Sanders, C. J., et al.
(2020). Exuberant Fibroblast Activity Compromises Lung Function via
ADAMTS4. Nature. 587(7834):1-6. doi:10.1164/ajrccm-
conference.2020.201.1_meetingabstracts.a7449

Bradley, L. M., Douglass, M. F., Chatterjee, D., Akira, S., and Baaten, B. J. (2012).
Matrix Metalloprotease 9 Mediates Neutrophil Migration into the Airways in
Response to Influenza Virus-Induced Toll-like Receptor Signaling. PLoS
Pathog. 8 (4), e1002641. doi:10.1371/journal.ppat.1002641

Brown, P. D. (1999). Clinical Studies with Matrix Metalloproteinase Inhibitors.
Apmis 107 (1), 174–180. doi:10.1111/j.1699-0463.1999.tb01541.x

Cal, S., and López-Otín, C. (2015). ADAMTS Proteases and Cancer. Matrix Biol.
44-46, 77–85. doi:10.1016/j.matbio.2015.01.013

Chen, J., Luo, Y., Zhou, Y., Qin, S., Qiu, Y., Cui, R., et al. (2018). Promotion of
Tumor Growth by Adamts4 in Colorectal Cancer: Focused on Macrophages.
Cell. Physiol. Biochem. 46 (4), 1693–1703. doi:10.1159/000489245

Corder, B. N., Bullard, B. L., Poland, G. A., and Weaver, E. A. (2020). A Decade in
Review: A Systematic Review of Universal Influenza Vaccines in Clinical Trials
during the 2010 Decade. Viruses 12 (10), 1186. doi:10.3390/v12101186

Cui, N., Hu, M., and Khalil, R. A. (2017). Biochemical and Biological Attributes of
Matrix Metalloproteinases. Prog. Mol. Biol. Transl Sci. 147, 1–73. doi:10.1016/
bs.pmbts.2017.02.005

Dancevic, C. M., and McCulloch, D. R. (2014). Current and Emerging Therapeutic
Strategies for Preventing Inflammation and Aggrecanase-Mediated Cartilage
Destruction in Arthritis. Arthritis Res. Ther. 16 (5), 429. doi:10.1186/s13075-
014-0429-9

Davies, A., Davies, A., Jones, D., Bailey, M., Beca, J., Bellomo, R., et al. (2009).
Extracorporeal Membrane Oxygenation for 2009 Influenza A(H1N1) Acute
Respiratory Distress Syndrome. Jama 302 (17), 1888–1895. doi:10.1001/
jama.2009.1535

Demicheli, V., Jefferson, T., Ferroni, E., Rivetti, A., and Di Pietrantonj, C. (2018).
Vaccines for Preventing Influenza in Healthy Adults. Cochrane Database Syst.
Rev. 2 (2), CD001269, Cd001269. doi:10.1002/14651858.CD001269.pub6

Dubail, J., and Apte, S. S. (2015). Insights on ADAMTS Proteases and ADAMTS-
like Proteins from Mammalian Genetics. Matrix Biol. 44-46, 24–37.
doi:10.1016/j.matbio.2015.03.001

Dubey, S., Biswas, P., Ghosh, R., Chatterjee, S., Dubey, M. J., Chatterjee, S., et al.
(2020). Psychosocial Impact of COVID-19. Diabetes Metab. Syndr. Clin. Res.
Rev. 14 (5), 779-788. doi:10.1016/j.dsx.2020.05.035

Ellebedy, A. H., andWebby, R. J. (2009). Influenza Vaccines.Vaccine 27, D65–D68.
doi:10.1016/j.vaccine.2009.08.038

Ellebedy, A. H., Krammer, F., Li, G.-M., Miller, M. S., Chiu, C., Wrammert, J., et al.
(2014). Induction of Broadly Cross-Reactive Antibody Responses to the
Influenza HA Stem Region Following H5N1 Vaccination in Humans. Proc.
Natl. Acad. Sci. 111 (36), 13133–13138. doi:10.1073/pnas.1414070111

Esquinas, A. M., Egbert Pravinkumar, S., Scala, R., Gay, P., Soroksky, A., Girault,
C., et al. (2014). Noninvasive Mechanical Ventilation in High-Risk Pulmonary
Infections: a Clinical Review. Eur. Respir. Rev. 23 (134), 427–438. doi:10.1183/
09059180.00009413

Estrada, L. D., and Schultz-Cherry, S. (2019). Development of a Universal Influenza
Vaccine. J.I. 202 (2), 392–398. doi:10.4049/jimmunol.1801054

Fingleton, B. (2008).MMP Inhibitor Clinical Trials – the Past, Present, and Future,
The Cancer Degradome, Newyork, NY, USA Springer, 759–785.

Fiore, A. E., Uyeki, T. M., Broder, K., Finelli, L., Euler, G. L., Singleton, J. A., et al.
(2010). Prevention and Control of Influenza with Vaccines: Recommendations
of the Advisory Committee on Immunization Practices (ACIP), 2010. MMWR
Recomm Rep. 59 (Rr-8), 1–62.

Furuta, Y., Gowen, B. B., Takahashi, K., Shiraki, K., Smee, D. F., and Barnard, D. L.
(2013). Favipiravir (T-705), A Novel Viral Rna Polymerase Inhibitor. Antiviral
Res. 100 (2), 446–454. doi:10.1016/j.antiviral.2013.09.015

Gaitonde, D. Y., Moore, F. C., and Morgan, M. K. (2019). Influenza: Diagnosis and
Treatment. Am. Fam. Physician 100 (12), 751–758.

Goldhill, D. H., Te Velthuis, A. J. W., Fletcher, R. A., Langat, P., Zambon, M.,
Lackenby, A., et al. (2018). The Mechanism of Resistance to Favipiravir in
Influenza. Proc. Natl. Acad. Sci. USA 115 (45), 11613–11618. doi:10.1073/
pnas.1811345115

Gross, J., and Lapiere, C. M. (1962). Collagenolytic Activity in Amphibian Tissues:
a Tissue Culture Assay. Proc. Natl. Acad. Sci. 48 (6), 1014–1022. doi:10.1073/
pnas.48.6.1014

Hay, A. J., Wolstenholme, A. J., Skehel, J. J., and Smith, M. H. (1985). The
Molecular Basis of the Specific Anti-influenza Action of Amantadine. EMBO J.
4 (11), 3021–3024. doi:10.1002/j.1460-2075.1985.tb04038.x

Hayden, F. G., Sugaya, N., Hirotsu, N., Lee, N., de Jong, M. D., Hurt, A. C., et al.
(2018). Baloxavir Marboxil for Uncomplicated Influenza in Adults and
Adolescents. N. Engl. J. Med. 379 (10), 913–923. doi:10.1056/nejmoa1716197

Herrera, J., Henke, C. A., and Bitterman, P. B. (2018). Extracellular Matrix as a
Driver of Progressive Fibrosis. J. Clin. Invest. 128 (1), 45–53. doi:10.1172/
jci93557

Higashiguchi, M., Matsumoto, T., and Fujii, T. (2018). A Meta-Analysis of
Laninamivir Octanoate for Treatment and Prophylaxis of Influenza. Antivir.
Ther. 23 (2), 157–165. doi:10.3851/IMP3189

Hoffman, B. L. (2011). Influenza Activity in Saint Joseph, Missouri 1910-1923:
Evidence for an Early Wave of the 1918 Pandemic. Plos Curr. 2, Rrn1287.
doi:10.1371/currents.RRN1287

Hoft, D. F., Babusis, E., Worku, S., Spencer, C. T., Lottenbach, K., Truscott, S. M.,
et al. (2011). Live and Inactivated Influenza Vaccines Induce Similar Humoral

Frontiers in Molecular Biosciences | www.frontiersin.org July 2021 | Volume 8 | Article 7034566

Pedrina and Stambas Harnessing Host Responses Against Influenza

https://doi.org/10.5001/omj.2021.110
https://doi.org/10.5001/omj.2021.110
https://doi.org/10.1016/j.arbr.2016.11.020
https://doi.org/10.1074/jbc.r109.052340
https://doi.org/10.1074/jbc.r109.052340
https://doi.org/10.1016/s2213-2600(20)30181-8
https://doi.org/10.3389/fimmu.2019.01400
https://doi.org/10.1016/j.joca.2018.02.56
https://doi.org/10.1016/j.canlet.2016.11.001
https://doi.org/10.1016/j.canlet.2016.11.001
https://doi.org/10.1038/nrm3904
https://doi.org/10.1164/ajrccm-conference.2020.201.1_meetingabstracts.a7449
https://doi.org/10.1164/ajrccm-conference.2020.201.1_meetingabstracts.a7449
https://doi.org/10.1371/journal.ppat.1002641
https://doi.org/10.1111/j.1699-0463.1999.tb01541.x
https://doi.org/10.1016/j.matbio.2015.01.013
https://doi.org/10.1159/000489245
https://doi.org/10.3390/v12101186
https://doi.org/10.1016/bs.pmbts.2017.02.005
https://doi.org/10.1016/bs.pmbts.2017.02.005
https://doi.org/10.1186/s13075-014-0429-9
https://doi.org/10.1186/s13075-014-0429-9
https://doi.org/10.1001/jama.2009.1535
https://doi.org/10.1001/jama.2009.1535
https://doi.org/10.1002/14651858.CD001269.pub6
https://doi.org/10.1016/j.matbio.2015.03.001
https://doi.org/10.1016/j.dsx.2020.05.035
https://doi.org/10.1016/j.vaccine.2009.08.038
https://doi.org/10.1073/pnas.1414070111
https://doi.org/10.1183/09059180.00009413
https://doi.org/10.1183/09059180.00009413
https://doi.org/10.4049/jimmunol.1801054
https://doi.org/10.1016/j.antiviral.2013.09.015
https://doi.org/10.1073/pnas.1811345115
https://doi.org/10.1073/pnas.1811345115
https://doi.org/10.1073/pnas.48.6.1014
https://doi.org/10.1073/pnas.48.6.1014
https://doi.org/10.1002/j.1460-2075.1985.tb04038.x
https://doi.org/10.1056/nejmoa1716197
https://doi.org/10.1172/jci93557
https://doi.org/10.1172/jci93557
https://doi.org/10.3851/IMP3189
https://doi.org/10.1371/currents.RRN1287
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Responses, but Only Live Vaccines Induce Diverse T-Cell Responses in Young
Children. J. Infect. Dis. 204 (6), 845–853. doi:10.1093/infdis/jir436

Hussain, M., Galvin, H., Haw, T. Y., Nutsford, A., and Husain, M. (2017). Drug
Resistance in Influenza A Virus: the Epidemiology and Management. Idr Vol.
10, 121–134. doi:10.2147/idr.s105473

Hynes, R. O., and Naba, A. (2012). Overview of the Matrisome-Aan Inventory of
Extracellular Matrix Constituents and Functions. Cold Spring Harb Perspect.
Biol. 4 (1), a004903. doi:10.1101/cshperspect.a004903

Hynes, R. O. (2009). The Extracellular Matrix: Not Just Pretty Fibrils. Science 326
(5957), 1216–1219. doi:10.1126/science.1176009

Jang, Y. H., and Seong, B. L. (2019). The Quest for a Truly Universal Influenza
Vaccine. Front. Cel. Infect. Microbiol. 9, 344. doi:10.3389/fcimb.2019.00344

Jung, S., Potapov, I., Chillara, S., and Del Sol, A. (2021). Leveraging Systems Biology
for Predicting Modulators of Inflammation in Patients with COVID-19. Sci.
Adv. 7 (6), eabe5735. doi:10.1126/sciadv.abe5735

Kalil, A. C., and Thomas, P. G. (2019). Influenza Virus-Related Critical Illness:
Pathophysiology and Epidemiology. Crit. Care 23 (1), 258. doi:10.1186/s13054-
019-2539-x

Kawaoka, Y., and Neumann, G. (2012). Influenza Viruses: an Introduction.
Methods Mol. Biol. 865, 1–9. doi:10.1007/978-1-61779-621-0_1

Kelwick, R., Desanlis, I., Wheeler, G. N., and Edwards, D. R. (2015). The ADAMTS
(A Disintegrin and Metalloproteinase with Thrombospondin Motifs) Family.
Genome Biol. 16, 113. doi:10.1186/s13059-015-0676-3

Klose, A., Zigrino, P., and Mauch, C. (2013). Monocyte/macrophage MMP-14
Modulates Cell Infiltration and T-Cell Attraction in Contact Dermatitis but Not
in Murine Wound Healing. Am. J. Pathol. 182 (3), 755–764. doi:10.1016/
j.ajpath.2012.11.028

Kowalewski, M., Fina, D., Słomka, A., Raffa, G. M., Martucci, G., Lo Coco, V., et al.
(2020). Covid-19 and Ecmo: the Interplay between Coagulation and
Inflammation-A Narrative Review. Crit. Care 24 (1), 205. doi:10.1186/
s13054-020-02925-3

Krammer, F., and Palese, P. (2013). Influenza Virus Hemagglutinin Stalk-Based
Antibodies and Vaccines. Curr. Opin. Virol. 3 (5), 521–530. doi:10.1016/
j.coviro.2013.07.007

Kumar, S., Rao, N., and Ge, R. (2012a). Emerging Roles of ADAMTSs in
Angiogenesis and Cancer. Cancers 4 (4), 1252–1299. doi:10.3390/
cancers4041252

Kumar, S., Sharghi-Namini, S., Rao, N., and Ge, R. (2012b). ADAMTS5 Functions
as an Anti-angiogenic and Anti-tumorigenic Protein Independent of its
Proteoglycanase Activity. Am. J. Pathol. 181 (3), 1056–1068. doi:10.1016/
j.ajpath.2012.05.022

Kuno, K., Kanada, N., Nakashima, E., Fujiki, F., Ichimura, F., and Matsushima, K.
(1997). Molecular Cloning of a Gene Encoding a New Type of
Metalloproteinase-Disintegrin Family Protein with Thrombospondin Motifs
as an Inflammation Associated Gene. J. Biol. Chem. 272 (1), 556–562.
doi:10.1074/jbc.272.1.556

La Gruta, N. L., Kedzierska, K., Stambas, J., and Doherty, P. C. (2007). A Question
of Self-preservation: Immunopathology in Influenza Virus Infection. Immunol.
Cel. Biol. 85 (2), 85–92. doi:10.1038/sj.icb.7100026

Lackenby, A., Moran Gilad, J., Pebody, R., Miah, S., Calatayud, L., Bolotin, S., et al.
(2011). Continued Emergence and Changing Epidemiology of Oseltamivir-
Resistant Influenza A(H1N1)2009 Virus, United Kingdom, winter 2010/11.
Euro Surveill. 16, 19784. doi:10.2807/ese.16.05.19784-en

Lampejo, T. (2020). Influenza and Antiviral Resistance: an Overview. Eur. J. Clin.
Microbiol. Infect. Dis. 39 (7), 1201–1208. doi:10.1007/s10096-020-03840-9

Larkin, J., Lohr, T. A., Elefante, L., Shearin, J., Matico, R., Su, J.-L., et al. (2015).
Translational Development of an Adamts-5 Antibody for Osteoarthritis
Disease Modification. Osteoarthritis and Cartilage 23 (8), 1254–1266.
doi:10.1016/j.joca.2015.02.778

Li, W., Saji, S., Sato, F., Noda, M., and Toi, M. (2013). Potential Clinical
Applications of Matrix Metalloproteinase Inhibitors and Their Future
Prospects. Int. J. Biol. Markers 28 (2), 117–130. doi:10.5301/jbm.5000026

Li, T., Chan, M., and Lee, N. (2015). Clinical Implications of Antiviral Resistance in
Influenza. Viruses 7 (9), 4929–4944. doi:10.3390/v7092850

Li, H., Yang, S.-g., Gu, L., Zhang, Y., Yan, X.-x., Liang, Z.-a., et al. (2017). Effect of
Low-To-Moderate-Dose Corticosteroids on Mortality of Hospitalized
Adolescents and Adults with Influenza A(H1N1)pdm09 Viral Pneumonia.
Influenza Other Respi Viruses 11 (4), 345–354. doi:10.1111/irv.12456

Malemud, C. J. (2019). Inhibition of MMPs and ADAM/ADAMTS. Biochem.
Pharmacol. 165, 33–40. doi:10.1016/j.bcp.2019.02.033

Mallajosyula, V. V., Citron, M., Ferrara, F., Temperton, N. J., Liang, X., Flynn, J. A.,
et al. (2015). Hemagglutinin Sequence Conservation Guided Stem Immunogen
Design from Influenza A H3 Subtype. Front. Immunol. 6, 329. doi:10.3389/
fimmu.2015.00329

McMahon, M., Ye, S., Izzard, L., Dlugolenski, D., Tripp, R. A., Bean, A. G. D., et al.
(2016). ADAMTS5 Is a Critical Regulator of Virus-specific T Cell Immunity.
PLoS Biol. 14 (11), e1002580. doi:10.1371/journal.pbio.1002580

Mead, T. J., and Apte, S. S. (2018). ADAMTS Proteins in Human Disorders,Matrix
Biol. 71-72, 225–239. doi:10.1016/j.matbio.2018.06.002

Ng, K., Poon, B. H., Kiat Puar, T. H., Shan Quah, J. L., Loh, W. J., Wong, Y. J., et al.
(2020). COVID-19 and the Risk to Health Care Workers: A Case Report. Ann.
Intern. Med. 172 (11), 766–767. doi:10.7326/l20-0175

Ni, Y. N., Chen, G., Sun, J., Liang, B. M., and Liang, Z. A. (2019). The Effect of
Corticosteroids on Mortality of Patients with Influenza Pneumonia: a
Systematic Review and Meta-Analysis. Crit. Care 23 (1), 99. doi:10.1186/
s13054-019-2395-8

Popat, B., and Jones, A. T. (2012). Invasive and Non-invasive Mechanical
Ventilation. Medicine 40 (6), 298–304. doi:10.1016/j.mpmed.2012.03.010

Porter, S., Clark, I. M., Kevorkian, L., and Edwards, D. R. (2005). The ADAMTS
Metalloproteinases. Biochem. J. 386 (Pt 1), 15–27. doi:10.1042/bj20040424

Raeeszadeh-Sarmazdeh, M., Do, L., and Hritz, B. (2020). Metalloproteinases and
Their Inhibitors: Potential for the Development of New Therapeutics. Cells 9
(5), 1313. doi:10.3390/cells9051313

Rojas-Quintero, J., Wang, X., Tipper, J., Burkett, P. R., Zuñiga, J., Ashtekar, A. R.,
et al. (2018). Matrix Metalloproteinase-9 Deficiency Protects Mice from Severe
Influenza A Viral Infection. JCI Insight 3 (24). doi:10.1172/jci.insight.99022

Santamaria, S., and de Groot, R. (2019). Monoclonal Antibodies Against Metzincin
Targets. Br. J. Pharmacol. 176 (1), 52–66. doi:10.1111/bph.14186

Santamaria, S., Yamamoto, K., Botkjaer, K., Tape, C., Dyson, M. R., McCafferty, J.,
et al. (2015). Antibody-based Exosite Inhibitors of Adamts-5 (Aggrecanase-2).
Biochem. J. 471 (3), 391–401. doi:10.1042/bj20150758

Santamaria, S., Cuffaro, D., Nuti, E., Ciccone, L., Tuccinardi, T., Liva, F., et al.
(2021). Exosite Inhibition of ADAMTS-5 by a Glycoconjugated
Arylsulfonamide. Sci. Rep. 11 (1), 949. doi:10.1038/s41598-020-80294-1

Santamaria, S. (2020). ADAMTS-5: A Difficult Teenager Turning 20. Int. J. Exp.
Pathol. 101 (1-2), 4–20. doi:10.1111/iep.12344

Sautto, G. A., Kirchenbaum, G. A., and Ross, T. M. (2018). Towards a Universal
Influenza Vaccine: Different Approaches for One Goal. Virol. J. 15 (1), 17.
doi:10.1186/s12985-017-0918-y

Shiraishi, A., Mochizuki, S., Miyakoshi, A., Kojoh, K., and Okada, Y. (2016).
Development of Human Neutralizing Antibody to ADAMTS4 (Aggrecanase-1)
and ADAMTS5 (Aggrecanase-2). Biochem. Biophys. Res. Commun. 469 (1),
62–69. doi:10.1016/j.bbrc.2015.11.072

Short, K. R., Kedzierska, K., and van de Sandt, C. E. (2018). Back to the Future:
Lessons Learned from the 1918 Influenza Pandemic. Front. Cel. Infect.
Microbiol. 8, 343. doi:10.3389/fcimb.2018.00343

Sidwell, R. W., Huffman, J. H., Barnard, D. L., Bailey, K. W., Wong, M.-H.,
Morrison, A., et al. (1998). Inhibition of Influenza Virus Infections in Mice by
GS4104, an Orally Effective Influenza Virus Neuraminidase Inhibitor. Antiviral
Res. 37 (2), 107–120. doi:10.1016/s0166-3542(97)00065-x

Simhadri, V. R., Dimitrova, M., Mariano, J. L., Zenarruzabeitia, O., Zhong, W.,
Ozawa, T., et al. (2015). A Human Anti-M2 Antibody Mediates Antibody-
Dependent Cell-Mediated Cytotoxicity (Adcc) and Cytokine Secretion by
Resting and Cytokine-Preactivated Natural Killer (Nk) Cells. PLoS One 10
(4), e0124677. doi:10.1371/journal.pone.0124677

Sparrow, E., Wood, J. G., Chadwick, C., Newall, A. T., Torvaldsen, S., Moen, A.,
et al. (2021). Global Production Capacity of Seasonal and Pandemic Influenza
Vaccines in 2019. Vaccine 39 (3), 512–520. doi:10.1016/j.vaccine.2020.12.018

Takashita, E., Morita, H., Ogawa, R., Nakamura, K., Fujisaki, S., Shirakura, M., et al.
(2018). Susceptibility of Influenza Viruses to the Novel Cap-dependent
Endonuclease Inhibitor Baloxavir Marboxil. Front. Microbiol. 9, 3026.
doi:10.3389/fmicb.2018.03026

Takashita, E., Ichikawa, M., Morita, H., Ogawa, R., Fujisaki, S., Shirakura, M., et al.
(2019). Human-to-Human Transmission of Influenza A(H3N2) Virus with
Reduced Susceptibility to Baloxavir, Japan, February 2019. Emerg. Infect. Dis. 25
(11), 2108–2111. doi:10.3201/eid2511.190757

Frontiers in Molecular Biosciences | www.frontiersin.org July 2021 | Volume 8 | Article 7034567

Pedrina and Stambas Harnessing Host Responses Against Influenza

https://doi.org/10.1093/infdis/jir436
https://doi.org/10.2147/idr.s105473
https://doi.org/10.1101/cshperspect.a004903
https://doi.org/10.1126/science.1176009
https://doi.org/10.3389/fcimb.2019.00344
https://doi.org/10.1126/sciadv.abe5735
https://doi.org/10.1186/s13054-019-2539-x
https://doi.org/10.1186/s13054-019-2539-x
https://doi.org/10.1007/978-1-61779-621-0_1
https://doi.org/10.1186/s13059-015-0676-3
https://doi.org/10.1016/j.ajpath.2012.11.028
https://doi.org/10.1016/j.ajpath.2012.11.028
https://doi.org/10.1186/s13054-020-02925-3
https://doi.org/10.1186/s13054-020-02925-3
https://doi.org/10.1016/j.coviro.2013.07.007
https://doi.org/10.1016/j.coviro.2013.07.007
https://doi.org/10.3390/cancers4041252
https://doi.org/10.3390/cancers4041252
https://doi.org/10.1016/j.ajpath.2012.05.022
https://doi.org/10.1016/j.ajpath.2012.05.022
https://doi.org/10.1074/jbc.272.1.556
https://doi.org/10.1038/sj.icb.7100026
https://doi.org/10.2807/ese.16.05.19784-en
https://doi.org/10.1007/s10096-020-03840-9
https://doi.org/10.1016/j.joca.2015.02.778
https://doi.org/10.5301/jbm.5000026
https://doi.org/10.3390/v7092850
https://doi.org/10.1111/irv.12456
https://doi.org/10.1016/j.bcp.2019.02.033
https://doi.org/10.3389/fimmu.2015.00329
https://doi.org/10.3389/fimmu.2015.00329
https://doi.org/10.1371/journal.pbio.1002580
https://doi.org/10.1016/j.matbio.2018.06.002
https://doi.org/10.7326/l20-0175
https://doi.org/10.1186/s13054-019-2395-8
https://doi.org/10.1186/s13054-019-2395-8
https://doi.org/10.1016/j.mpmed.2012.03.010
https://doi.org/10.1042/bj20040424
https://doi.org/10.3390/cells9051313
https://doi.org/10.1172/jci.insight.99022
https://doi.org/10.1111/bph.14186
https://doi.org/10.1042/bj20150758
https://doi.org/10.1038/s41598-020-80294-1
https://doi.org/10.1111/iep.12344
https://doi.org/10.1186/s12985-017-0918-y
https://doi.org/10.1016/j.bbrc.2015.11.072
https://doi.org/10.3389/fcimb.2018.00343
https://doi.org/10.1016/s0166-3542(97)00065-x
https://doi.org/10.1371/journal.pone.0124677
https://doi.org/10.1016/j.vaccine.2020.12.018
https://doi.org/10.3389/fmicb.2018.03026
https://doi.org/10.3201/eid2511.190757
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Theocharis, A. D., Manou, D., and Karamanos, N. K. (2019). The Extracellular
Matrix as a Multitasking Player in Disease. Febs j 286 (15), 2830–2869.
doi:10.1111/febs.14818

van der Aar, E. M., Desrivot, J., Fagard, L., Amantini, D., Larsson, S., Struglics, A.,
et al. (2018). ADAMTS-5 Inhibitor GLPG1972, a Potential New Treatment in
Osteoarthritis, Shows Favorable Safety, Pharmacokinetics and
Pharmacodynamics in Healthy Subjects. Osteoarthritis and Cartilage 26,
S310. doi:10.1016/j.joca.2018.02.623

Viasus, D., Ramón Paño-Pardo, J., Cordero, E., Campins, A., López-Medrano, F.,
Villoslada, A., et al. (2011). Effect of Immunomodulatory Therapies in Patients
with Pandemic Influenza A (H1N1) 2009 Complicated by Pneumonia. J. Infect.
62 (3), 193–199. doi:10.1016/j.jinf.2011.01.014

Wu, B., Crampton, S. P., and Hughes, C. C. W. (2007). Wnt Signaling Induces
Matrix Metalloproteinase Expression and Regulates T Cell Transmigration.
Immunity 26 (2), 227–239. doi:10.1016/j.immuni.2006.12.007

Wu, D., Lu, J., Liu, Y., Zhang, Z., and Luo, L. (2020). Positive Effects of COVID-19
Control Measures on Influenza Prevention. Int. J. Infect. Dis. 95, 345–346.
doi:10.1016/j.ijid.2020.04.009

Xu, R., Ekiert, D. C., Krause, J. C., Hai, R., Crowe Jr, J. E., and Wilson, I. A. (2010).
Structural Basis of Preexisting Immunity to the 2009 H1N1 Pandemic Influenza
Virus. Science 328 (5976), 357–360. doi:10.1126/science.1186430

Ye, Z., Wang, Y., Colunga-Lozano, L. E., Prasad, M., Tangamornsuksan, W.,
Rochwerg, B., et al. (2020). Efficacy and Safety of Corticosteroids in COVID-19

Based on Evidence for COVID-19, Other Coronavirus Infections, Influenza,
Community-Acquired Pneumonia and Acute Respiratory Distress Syndrome: a
Systematic Review and Meta-Analysis. Cmaj 192 (27), E756–e767. doi:10.1503/
cmaj.200645

Yeoh, D. K., Foley, D. A., Minney-Smith, C. A., Martin, A. C., Mace, A. O., Sikazwe,
C. T., et al. (2020). The Impact of COVID-19 Public Health Measures on
Detections of Influenza and Respiratory Syncytial Virus in Children during the
2020 Australian winter. Clin. Infect. ciaa1475. doi:10.1093/cid/ciaa1475

Zhou, Y., Fu, X., Liu, X., Huang, C., Tian, G., Ding, C., et al. (2020). Use of
Corticosteroids in Influenza-Associated Acute Respiratory Distress Syndrome
and Severe Pneumonia: a Systemic Review and Meta-Analysis. Sci. Rep. 10 (1),
3044. doi:10.1038/s41598-020-59732-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Pedrina and Stambas. 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.

Frontiers in Molecular Biosciences | www.frontiersin.org July 2021 | Volume 8 | Article 7034568

Pedrina and Stambas Harnessing Host Responses Against Influenza

https://doi.org/10.1111/febs.14818
https://doi.org/10.1016/j.joca.2018.02.623
https://doi.org/10.1016/j.jinf.2011.01.014
https://doi.org/10.1016/j.immuni.2006.12.007
https://doi.org/10.1016/j.ijid.2020.04.009
https://doi.org/10.1126/science.1186430
https://doi.org/10.1503/cmaj.200645
https://doi.org/10.1503/cmaj.200645
https://doi.org/10.1093/cid/ciaa1475
https://doi.org/10.1038/s41598-020-59732-7
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Targeting the Host Response: Can We Manipulate Extracellular Matrix Metalloproteinase Activity to Improve Influenza Virus I ...
	Introduction
	Preventative Strategies
	Seasonal Vaccination
	Universal Influenza Virus Vaccines
	Public Health Measures

	Pharmacological Intervention
	Antiviral Drug Therapies
	M2 Ion Channel Inhibitors
	Neuraminidase Inhibitors
	Transcriptional Inhibitors

	Corticosteroid Treatment

	Clinical Interventions
	Therapeutic Potential of the Extracellular Matrix
	Extracellular Matrix
	A Disintegrin-like and Metalloproteinase with Thrombospondin Motifs
	Matrix Metalloproteinases

	Conclusion
	Author Contributions
	Funding
	References


