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Abstract

Respiratory viral infections are a major public health problem, with much of their morbidity and mortality
due to post-viral lung diseases that progress and persist after the active infection is cleared. This paradigm is
implicated in the most common forms of chronic lung disease, such as asthma and COPD, as well as other
virus-linked diseases including progressive and long-term coronavirus disease 2019. Despite the impact of
these diseases, there is a lack of small-molecule drugs available that can precisely modify this type of
disease process. Here we will review current progress in understanding the pathogenesis of post-viral and
related lung disease with characteristic remodelling phenotypes. We will also develop how this data leads to
mitogen-activated protein kinase (MAPK) in general and MAPK13 in particular as key druggable targets in
this pathway. We will also explore recent advances and predict the future breakthroughs in structure-based
drug design that will provide new MAPK inhibitors as drug candidates for clinical applications. Each of
these developments point to a more effective approach to treating the distinct epithelial and immune cell
based mechanisms, which better account for the morbidity and mortality of post-viral and related types of
lung disease. This progress is vital given the growing prevalence of respiratory viruses and other inhaled
agents that trigger stereotyped progression to acute illness and chronic disease.

Introduction to post-viral lung disease

Respiratory viral infections are perhaps the most common reason for individuals seeking medical attention
for illnesses, particularly during pandemic conditions such as outbreaks of influenza virus or coronavirus
infections [1, 2]. Further, even after clearance of an infectious virus, the acute illness can progress to
respiratory failure in the intermediate term and chronic respiratory disease in the long term [3, 4]. Indeed,
chronic lung disease has emerged as the third leading cause of death from disease in the US and the fifth
leading cause worldwide [5, 6], with morbidity and mortality linked to lung inflammation and mucus
production [7] that is often triggered by respiratory viral infection [8]. As developed below, these disease
phenotypes also overlap with long-term coronavirus disease 2019 (COVID-19) as the latest manifestation
of post-viral lung disease. Despite the magnitude of these public health problems, there are still no
precisely designed small molecules that serve as drugs to modify post-viral and related lung disease. In this
context, we will present both the background and then the progress made towards a new type of
small-molecule kinase inhibitor aimed at modifying lung diseases that otherwise might develop in response
to present and future types of respiratory viral infections and related types of lung injury.

A new approach to post-viral and related lung disease

A distinct paradigm for pathogenesis

A major obstacle to discovery of a drug to control chronic lung disease is the need to better define the
pathogenesis of this type of disease process. In that regard, common respiratory diseases exhibit a
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fundamental susceptibility to persistent inflammation in response to inhaled environmental stimuli that are
classically thought to involve exposure to allergen (for asthma) and smoke from tobacco or biomass fuel
(for COPD). However, respiratory viral infection could also be critical to the disease process alone or in
synergy with other stimuli in asthma [8-10] and COPD [11-21]. Our pursuit of this idea provides a
paradigm that depends on viral activation of immune cells [22-25] and reprogramming of epithelial stem
cells (ESCs), particularly basal-ESCs [26, 27]. In the case of basal-ESCs, this learning process includes
epigenetic instructions to grow and sometimes migrate, activate the type-2 immune response, and
differentiate into mucous cells (figure 1) [22-36]. Key cell and molecular steps include the dual role of
nuclear interleukin (IL)-33 as a switch point for basal cell growth and secreted IL-33 as a signature of
immune activation. The activation of downstream immune cells (including innate lymphoid cells and
macrophages) is key to feed-forward IL-13 production. This paradigm is derived primarily from the study
of the natural pathogen Sendai virus in mice [22-24, 26, 27] but similar responses develop after infection
with influenza A virus, enterovirus-D68, human rhinovirus, respiratory syncytial virus and coronavirus in
experimental and clinical settings [33, 34, 37—40].

The result is stereotyped tissue remodelling characterised by metaplastic, inflammatory, hypersecretory and
fibrotic phenotypes. In turn, the paradigm offers IL-13 blockade as a druggable end-point for correcting
downstream effectors, but importantly might not correct the upstream drivers. Nonetheless, this scheme
addresses the basis for the increasingly common issue of respiratory viral infections that can initiate,
exacerbate and accelerate long-term respiratory disease [4, 8, 41-48]. The reprogramming nature of the
process also explains the chronicity of similar phenotypes found in asthma, COPD and even fibrotic lung
diseases that persist long after the infectious illness is resolved. This paradigm also provides a roadmap for
addressing the challenge of developing a new therapeutic approach. This challenge includes the special
need to select targets in this pathway that can be precisely drugged and feasibly monitored for the purpose
of modifying the disease and not just temporarily dampening it.

In that context, we focused on the abnormality of excess mucus production as an unmet treatment
end-point that (as introduced above) is closely linked to morbidity and mortality across chronic lung
diseases. In the case of COPD, this connection derives from histopathology [7, 49], but has been
reinforced more recently from newer imaging technologies [50]. In any case, the mucus-correction strategy
led to cell-culture and clinical-sample screens for activated kinase targets that correlated with chloride
channel calcium-activated 1-dependent and IL-13-stimulated mucus production in human airway epithelial
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FIGURE 1 Scheme for acute lung injury and chronic lung remodelling after viral infection. Key steps include 1) initial lung injury and infectious
illness with damage to bronchiolar and alveolar epithelial cells and 2) transition to long-term lung remodelling disease with basal-epithelial stem
cell (ESC) growth linked to a nuclear IL-33 (nIL-33) checkpoint. Concomitant immune activation of epithelial cells for expression and secretion of
C-X-C motif ligand 17 (CXCL17) and interleukin (IL)-33 (sIL-33) that can drive tissue macrophage (Mac) and innate lymphoid cell 2 (ILC2) production
of IL-13 for type 2 inflammation and mucinous differentiation. Together, these events result in local epithelial cell hyperplasia at bronchiolar sites
and, in turn, basal-ESC migration and further growth and differentiation at bronchiolar-alveolar remodelling sites that also include
post-inflammatory fibrosis. These events are based on the mouse model, recognising that AT2 cells are not a significant source of IL-33 in humans,
where intracellular and extracellular functions of IL-33 might be combined in basal cells. Reproduced and modified from [27].
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cells [32]. These approaches led to the identification of mitogen-activated protein kinase (MAPK) 13 as a
relatively orphan target of currently undefined significance. Indeed, the assignment of MAPK13 function
posed an additional challenge, given the overlapping network of MAPK activators, MAPK themselves,
MAPK substrates and consequent cellular responses (figure 2). This issue is particularly relevant to
MAPK13 given the possible intersection with closely related MAPK12 expression, activation and function
at some tissue sites [51].

Despite these predictions, MAPK13 has proven to play an unexpectedly distinct role in controlling
fundamental features of lung biology. Thus, initial work using gene knockdown and relatively nonspecific
kinase inhibitors suggested that MAPK13 inhibition alone provided effective control of mucus production
in human airway epithelial cell culture models stimulated with IL-13 [32]. In addition, activated MAPK13
was also increased in lung tissue samples from patients with COPD [32]. These findings raised the
possibility that MAPK13 might regulate the pathway to mucus production, particularly in the context of
type 2 inflammation in the lung and perhaps other sites of epithelial injury and repair. Further, these
studies identified MAPK13 as a drug target that was missed in favour of the conventional focus on
MAPKI14 [32, 52-63]. This existing strategy was derived at least in part from the MAPK14 connection to
IL-1B and tumour necrosis factor-o. (TNF-o) signals in chronic lung disease, perhaps ignoring the disease
impact of type 2 immune signals such as IL-13. In fact (10 years later), it appears that at least a subset of
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FIGURE 2 Scheme for mitogen-activated protein kinase (MAPK) signalling pathways. The scheme depicts the
pathway from initial signal to final response through sequential activation of MAP3K, MAP2K and MAPK. For
each of the four MAPKs (MAPK11-14), there are predicted to be hundreds of downstream substrates that in
turn result in a range of cellular responses. There is also overlap between MAPK12 and MAPK13 substrates and
functions based on high homology between these two kinases. ASK1: apoptosis signal-regulating kinase-1;
eEF2K: eukaryotic elongation factor 2 kinase; ERCC1: excision repair cross-complementing 1; hDlg: human disc
large; MEF2D: myocyte enhancer factor 2D; MEKK: MAPK/extracellular signal-regulated kinase; MK:
MAPK-activated protein kinase; MLK: mixed-lineage kinases; MNK: MAPK-interacting protein kinase; MSK:
mitogen and stress-activated kinase; mTOR: mammalian target of rapamycin; MyoD: myoblast determination
protein; ND: not determined; PKD1: protein kinase D1; PSD95: post-synapse density 95; PTPH1: protein tyrosine
phosphatase H1; Rb: retinoblastoma protein; TAK1: transforming growth factor-B-activated kinase 1; TAO:
thousand-and-one amino acid; TPL2: tumour progression locus 2; TRP63: transformation-related protein 63. For
details, see references [93-96].

https://doi.org/10.1183/16000617.0220-2023 3



EUROPEAN RESPIRATORY REVIEW LUNG SCIENCE CONFERENCE | M.J. HOLTZMAN ET AL.

COPD patients is responsive to anti-IL-13-receptor antibody blockade [64], whereas MAPK14 inhibitors
might be relatively less effective in the same types of patients [56]. This issue continues to be studied, but
current data indicate the need for the development of the first MAPK13 inhibitor or perhaps a combined
MAPK13-14 inhibitor for disease modification in chronic lung disease.

Corresponding need for a small-molecule drug

As introduced above, the data from experimental models and corresponding clinical samples supported the
development of a small-molecule kinase inhibitor with potent MAPK13 blocking activity. However, any
drug discovery approach also needs to assess the practical rationale for introducing another agent targeting
type 2 inflammation, particularly given the success of monoclonal antibodies directed against cytokines
and cytokine receptors in the same immune pathway [65-73]. In that regard, even in the face of
considerable investment in newer therapeutic technologies, there remains significant advantages of
conventional small-molecule drugs. Thus, in comparison to antibody therapeutics, the benefits of
small-molecules include decreases in manufacturing costs, inconveniences and complications of injections,
side-effects such as Ig-related reactions, and restrictions for use in paediatric populations. Moreover, there
is an inherent advantage in localised delivery to the disease site and, at least to date, only small-molecule
drugs are amenable to inhaled dosing. Indeed, the combination of intravenous and inhaled dosing offers a
tailored treatment approach that caters to the full spectrum of disease severity.

There also remains some uncertainty around the safety of biologics given near the time of disease
exacerbation, particularly due to viral infection, when treatment is most critically needed in some patients.
Furthermore, existing monoclonal antibody products (against IgE, IL-5/5R, IL-4RA, IL-33 and thymic
stromal lymphopoietin targets alone or in combination) still do not fully control exacerbations in adults or
teenagers. These reasons, along with others, continue to drive small-molecule efforts in this field. These
approaches include reducing agents, muscarinic antagonists, glucocorticoids, phosphodiesterase-4
inhibitors, purinergic receptor antagonists, macrolide antibiotics and kinase inhibitors [74—80]. Similarly,
there are ongoing and new applications of nonpharmacologic therapies including respiratory therapy,
pulmonary rehabilitation, cough suppressants and mucolytics [81]. However, as introduced above, evidence
that any of these strategies can provide specific, direct, potent, safe and long-lasting modification of the
key disease phenotypes still needs to be determined. In particular, none of the existing therapies address
the complete paradigm for stem-cell and immune-cell reprogramming that would likely be required for
modification of the disease drivers.

Progress in generating a new MAPK inhibitor

In response to these issues, our research group focused on the need for a more successful small-molecule
MAPK inhibitor. However, we recognised at the outset that previous kinase-inhibitor screening approaches
(and perhaps other unpublished drug development efforts) did not identify a potent MAPK13 inhibitor,
leaving this target as undrugged and potentially in the category of the undruggable [82]. Therefore, we built
upon our knowledge of the MAPK13 structure (derived from X-ray crystallography) [32] and initial albeit
limited success with compounds derived from modifying a parent compound known as BIRB-796 (NuP-43
in our chemical series) that was developed as a selective MAPK14 inhibitor but had weak activity against
MAPK13 as well. In that initial work, modifications were made to eliminate the naphthalene moiety and
thereby enhance active site access and MAPK13 inhibition and avoid idiosyncratic hepatotoxicity [83].
These efforts resulted in the development of first-generation compounds demonstrating modest potency for
MAPK 13 blockade but fell short of providing a suitable solution as an effective inhibitor.

Subsequently, we used additional structure-based drug-design technologies to better block MAPK13 but not
(as yet) eliminate the possible benefit of MAPK14 blocking activity. These modifications targeted each of
the major MAPK domains (left-hand hinge-binding, active site and allosteric pocket) (figure 3a), as recently
reported [84]. Screening of candidate compounds resulted in the discovery of a potent MAPK13-14 inhibitor
(designated NuP-3) that gained MAPK13 blocking activity likely based on additional hinge-binding
interactions (figure 3b). Subsequent characterisation of NuP-3 demonstrated favourable drug characteristics
and proof-of-concept results in human cell and animal models. In particular, NuP-3 was shown to effectively
attenuate IL-13-stimulated mucus production in human airway epithelial cells in culture, even in the context
of marked IL-13 induction of MAPK13 expression [84]. In addition, given orally, this compound prevented
airway inflammation and mucus production in new minipig models driven by type-2 cytokine-challenge
(using IL-13) or respiratory viral infection (using natural pathogen Sendai virus). Moreover, NuP-3 treatment
did not influence tissue virus levels or clinical signs of acute illness, thereby suggesting the safety of the
treatment during active infection. The data thereby provide an effective MAPK13-14 inhibitor and, in
combination with previous data, yield a scheme for MAPK-guided control of short-term respiratory
inflammation and mucus production by actions on epithelial and immune cells (figure 4).
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FIGURE 3 Mitogen-activated protein kinase (MAPK)13-14-guided development of a new small-molecule kinase
inhibitor. a) Structure for parent compound NuP-43 (BIRB-796) docking to MAPK13 (model) and MAPK14
(co-crystal) that illustrates functional targets, hydrogen-bond (solid red lines) and hydrophobic (dashed lines)
interactions, and DFG-out binding mode (yellow structure). b) Structure for NuP-3 bound to MAPK13 based on
X-ray crystallography and comparable docking to MAPK14 with features labelled as in a) for potential
hydrogen-bond interactions for pyridine lone-pair and acetamide-NH with M110/M109/H107 in the hinge
region, bidentate urea-NH with E72/E71, urea-O with D168 and chlorine with R68 in the allosteric pocket, and
seven sets of hydrophobic contacts. Reproduced and modified from reference [84].

Next steps towards reaching the clinic

The discovery of NuP-3 provides a significant advance towards developing an MAPK inhibitor for
post-viral and related lung disease. However, this progress also raises the next set of questions and tasks
required to understand pathogenesis and reach therapeutic application.

Role of MAPK13

An initial question to consider is the role of MAPK13 versus related kinases (including MAPK14) in lung
biology and disease. As introduced above (figure 2), there could be considerable overlap and interaction
among MAPK signalling pathways and consequent functions. Nonetheless, MAPK14 was awarded a
canonical role in inflammatory signalling and disease [52-56, 58-62, 85, 86] given its linkage to specific
cytokines (notably TNF-a and IL-1B). However, even the most advanced versions of these compounds
have not proved very effective in clinical trials of patients with COPD [56, 87]. Nonetheless, this approach
remains a target for immune-based lung disease, including asthma, COPD and COVID-19 [88, 89].
Similarly, NuP-3 was designed to maintain MAPK14-blocking activity. Thus, the present data suggest that
attacking MAPK13-14 together might achieve an unprecedented therapeutic benefit for a broad range of
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FIGURE 4 Scheme for mitogen-activated protein kinase (MAPK)-guided control of short-term respiratory
inflammation and mucus production from minipig models. The scheme depicts key events leading from
cytokine challenge (using interleukin (IL)-13) or respiratory viral infection (using Sendai virus) to immune
activation of epithelial cells (including basal epithelial cells) and immune cells (including innate myeloid and
lymphoid cells). This activation pathway could include epithelial and immune cell production of immune
activators, including immune-cell derived IL-13 after viral infection. Subsequent IL-13R activation on epithelial
progenitor cells results in mucinous differentiation (marked by chloride channel accessory 1, mucin 5AC,
oligomeric mucus/gel-forming and mucin 5B, oligomeric mucus/gel-forming expression) and mucus production.
Each of these steps for cellular activation could be sensitive to blockade by a small-molecule kinase inhibitor
such as NuP-3. Reproduced from [84].

cytokine-signalling and viral-infection conditions. However, additional studies are needed to address the
role of MAPK13 alone in post-viral lung disease and these related conditions. In that regard, NuP-3 was
more effective than the parent compound, despite similar potencies for MAPK14 inhibition, and our earlier
MAPK gene knockdown work showed no significant effect of MAPK14 blockade on mucus production [32].
Additional studies of targeted gene knockout and kinase structure function, as well as more selective
inhibitors, will be needed to fully define MAPK13 function alone and in combination with MAPK14.
Indeed, the insights from NuP-3 are already proving useful for these next studies to better define the
priority of MAPK13 as a drug target.

Role of the type-2 immune response

More generally, there remains the broader question of the role of the type 2 immune response for host
defence and inflammatory disease. As introduced above (figure 1), we identified basal-ESC growth,
immune activation and mucinous differentiation as requirements for long-term lung remodelling disease
after viral infection in mice [27]. In that case, however, we observed basal-ESC hyperplasia and metaplasia
at bronchiolar—alveolar sites in the setting of a more severe and widespread infection. Here we find the
same markers of basal-epithelial cell activation, but lung disease is limited to an airway site in the context
of milder and localised infection and injury. Further basal-epithelial cell markers for immune activation are
often shared with interacting immune cells. In fact, the rapid time course of illness in the minipig model
suggests that epithelial and immune cells might rely on MAPK13 signalling (figure 4). Moreover,
epithelial-immune cell interactions are constructed for feed-forward and feed-back amplification. Thus,
additional work is also needed to assign specific cellular and molecular functions. Of particular interest is
whether animal models with more severe viral infection could be used to better define these issues and
thereby better establish the relative role of ESC reprogramming as already seems to be the case in
COVID-19 patients [40]. Our current perspective is that the epithelial and immune components of the type
2 immune response represent a primordial system for repair, regeneration and defence in response to
barrier injury, but it can become disease-producing based on host genetics, viral type, viral severity, age,
sex, biological clock and other factors. In these cases, the excessive response needs at least partial
attenuation for the host’s benefit, potentially via down-regulation of MAPK13 function.

Timing: acute versus chronic post-viral disease

An additional question in terms of mechanism and practical application concerns the time course of cell
and molecular events in the development of post-viral and related lung disease. In that regard, respiratory
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viral infection generally proceeds as a top-down infection that starts in the upper and then lower airways
and extends distally to bronchiolar—alveolar and in some cases alveolar sites. Relatedly, acute
immune activation (including TNF-o, IL-1B and type 1 and type 2 cytokine actions) can transition
to chronic activation (including type 2 cytokines such as IL-13). This paradigm is consistent with our
observations in experimental models and clinical samples, but here again further work will be needed to
establish this pattern and define functional consequences. The present data suggests that MAPK blockade
that includes MAPK13 inhibition is beneficial even for relatively short-term airway inflammation and
mucus production. However, the timing of MAPK expression and activation is critical to establishing and
tracking it as a drug target in vivo, particularly in patients with chronic lung disease. This remains a
challenge, since most clinical samples are derived from stable patients versus those with proximity to
recent infection and disease exacerbation. Nonetheless, strategies to establish long-term MAPK
(particularly MAPK13) function are well underway. In particular, basal-ESC reprogramming is required for
post-viral lung disease [26, 27]. Thus, control of a renewable basal-ESC population could provide
long-term disease modification versus transient blockade of downstream cytokine production. Accordingly,
MAPK13 control of basal-ESC reprogramming could offer the potential for long-term disease modification
not achieved with current therapies. Indeed, studies of MAPK13-14 inhibitors in this reprogramming
process are ongoing in human cell models (particularly basal-ESC conventional and organoid cultures) and
animal models (particularly Sendai virus infected mice).

Drug development process

Another relevant consideration for MAPK-guided inhibitors (or any new therapeutic) relates to the
pre-clinical and clinical processes of discovering and developing small-molecule drugs. Thus, the work on
NuP-3 brings us significantly closer to clinical application by providing a roadmap for MAPK13 inhibitors
that are more potent than their predecessors [32, 90]. However, this advance leads to next steps in
pre-clinical studies. Important goals include pharmacology to establish optimal dosing level, route, and
timing in relation to disease prevention and reversal. In addition, safety pharmacology and toxicology
studies in preclinical species must establish therapeutic index and adverse effect level. Indeed, the chemical
modifications used to discover NuP-3 were designed to eliminate the problematic toxicity in previous
candidates [83, 91]. Further, it will be key to define biomarkers for target status and engagement to select
and monitor the subset of patients that benefit from this type of treatment. In concert with this process, there
must be ongoing analysis of newly identified MAPK13-inhibitor interactions to guide further development
of the MAPK-targeted drug pipeline. As introduced above, this approach includes the goal of more selective
kinase blockade. Each of these issues is also a subject of active and already encouraging research studies.

Summary

We provide an update on the progress made towards meeting a practical need for more successful therapy
for post-viral lung disease, including its progression to chronic lung diseases in the form of asthma,
COPD, and long-term COVID-19. Key advances include a distinct paradigm for this type of disease and
how this scheme provides a substrate for MAPK control of ESCs and immune cells [32]. We describe the
recent report of a potent MAPK13-14 inhibitor that can prevent respiratory inflammation and mucus
production based on studies of human cell and minipig models of short-term airway disease [84]. We also
present the next set of questions that must be addressed for further progress towards therapeutic application
to practice and a better understanding of pathogenesis of lung remodelling disease. Overall, the present
insights represent significant progress in developing a safe and effective small-molecule drug for
respiratory disease and other diseases that feature expression and activation of MAPKSs in general and
MAPKI13 in particular, as well as related kinases. Precision medicine will require stratification and
monitoring of patients using biomarkers of the MAPK13-14 target in airway epithelial cells (particularly
basal-lineage cells) and type 2 response in immune cells (particularly monocyte-derived dendritic cells and
macrophages) as previously validated in experimental models and clinical samples [22-27, 32, 40, 92]. The
combination of data provides renewed optimism towards meeting the goal of developing a small-molecule
drug with the capacity to precisely modify and thereby correct the epithelial and immune cell activation
that drives long-term post-viral and related types of lung disease.
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