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Abstract

The stress kinase MAPK13 (aka p385-MAPK) is an attractive entry point for therapeutic intervention
because it regulates the structural remodeling that can develop after epithelial barrier injury in the lung and
likely other tissue sites. However, a selective, safe, and effective MAPK 13 inhibitor is not yet available for
experimental or clinical application. Here we identify a first-in-kind MAPK13 inhibitor using structure-
based drug design combined with a screening funnel for cell safety and molecular specificity. This inhibitor
(designated NuP-4) down-regulates basal-epithelial stem cell reprogramming, structural remodeling, and
pathophysiology equivalently to Mapki3 gene-knockout in mouse and mouse organoid models of post-
viral lung disease. This therapeutic benefit persists after stopping treatment as a sign of disease modification
and attenuates key aspects of inflammation and remodeling as an indication of disease reversal. Similarly,
NuP-4 treatment can directly control cytokine-stimulated growth, immune activation, and mucinous
differentiation in human basal-cell organoids. The data thereby provide a new tool and potential fix for
long-term stem cell reprogramming after viral injury and related conditions that require MAPKI13

induction-activation.

New and noteworthy

This study identifies a small-molecule inhibitor for MAPK13 with efficacy and safety in models of the
long-term disease that features epithelial stem cell reprogramming towards inflammation and structural
remodeling. The present model has direct implications for respiratory disease triggered by viral infection
and other inhaled toxins, but the tissue distribution of MAPK13 implies related actions at other epithelial
barrier sites. The findings also refine a hypothesis for therapeutic intervention based on proper adjustment

of MAPK 13 function with a selective kinase inhibitor.
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Introduction

The family of mitogen-activated protein kinases (MAPKs), and in particular the subgroup of p38-kinases
(MAPK11-14 aka p38a-6-MAPK), are implicated in a broad set of experimental models of disease and the
corresponding human diseases (1, 2). These studies led to a corresponding array of drug development
programs directed at MAPK targets, particularly MAPK 14 (aka p38a-MAPK) as the first and best studied
member of the MAPK family (3-12). Despite this effort, no inhibitors for MAPK14 have been approved
for clinical application. The basis for failure in clinical trials range from suboptimal efficacy and safety to
difficulties in target validation, biomarker application, and disease modification. Nonetheless, MAPK 14
and related kinases continue to be an attractive target for ongoing drug discovery and development

programs.

In thar context, the relatively undrugged MAPK 13 (aka p386-MAPK) is implicated in diseases that include
diabetes, sepsis, neurodegeneration, and carcinoma (13-18). Given this diversity, we questioned whether
MAPK13 might represent a more fundamental control over cellular programming. Thus, our earlier studies
identified MAPK13 as a therapeutic target in chronic lung disease. This idea derived from a MAPK13
requirement for mucus production in human basal-epithelial stem cell (basal-ESC) models and a
corresponding upregulation of MAPK 13 expression and activation in lung tissue samples from COPD (19).
In follow up, recent work demonstrates a MAPK 13 requirement in vivo based on attenuation of basal-ESC
reprogramming and post-viral lung disease (PVLD) in Mapkl3 gene-knockout mice (20). Similarly,
MAPKI13 induction-activation was localized to basal-ESCs in lung samples from asthma and COPD. In
addition, MAPKI3 gene-deficiency attenuated basal-ESC growth in mouse and human cell models as
evidence of a fundamental role for MAPK13 in epithelial barrier function (20). These findings provided a
pathway to practical application since epithelial stem cell-orchestrated inflammation and mucus production

are linked to morbidity and mortality in chronic lung diseases such as asthma and COPD (19, 21, 22).

The present study therefore addresses the goal of discovering and developing a highly selective MAPK13
inhibitor to address the issue of barrier injury and consequent disease. Previous studies by our group could
not address this issue given the broader activity of first- and second-generation inhibitors and the absence
of studies in a model of basal-ESC reprogramming that might exhibit long-term inflammation and structural
remodeling (19, 23). In contrast, the present study arrives at a third-generation MAPK 13 inhibitor that is
remarkably selective compared to previous compounds from our lab and others (11, 12, 19, 23). In addition,
the proof-of-concept is developed in a more suitable model for basal-ESC reprogramming for long-term
growth, immune activation, and mucinous differentiation after barrier injury. Together, the present
experimental approaches provide a previously unavailable tool for MAPK13 blockade and proof-of-

concept for down-regulating this target as a disease-modifying strategy.

Page 3


https://doi.org/10.1101/2024.08.21.608990
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.21.608990; this version posted August 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Results
Structure-based drug design yields a selective MAPK13 inhibitor

Given the possible benefits of MAPK13 blockade, we aimed to develop a small-molecule inhibitor that was
selective for MAPK13 versus the previous focus on MAPK 14 or MAPK13-14. Accordingly, we extended
a drug-design strategy to fully modify a MAPK14-inhibitor parent compound (BIRB-796, NuP-43 in our
chemical library) to better fit into the left-hand hinge region, ATP-binding pocket, and right-hand allosteric
pocket of MAPK13 as defined in our high-resolution X-ray crystal structure (19, 23-25). These chemical
analogs (n=520) as recently published (26) entered a screening funnel that included a primary screen for
suitable chemical properties (molecular weight, Lipinski and Veber criteria, partition coefficient, and
topological polar surface area) followed by a secondary partial screen for inhibition of MAPK13 and
MAPK14 enzyme activities, a tertiary screen for cell toxicity based on transepithelial electrical resistance
(TEER) as a readout for monolayer integrity in primary-culture human tracheobronchial epithelial cells
(hTECs), and a final full screen of all candidates for MAPK 13 enzyme inhibition (Figure 1A). This process
arrived at a lead candidate drug designated NuP-4 with a 122-fold increase in MAPK 13 inhibition and at
least a 250-fold decrease in MAPK 14 inhibition compared to the parent compound NuP-43 (Figure 1B).
This performance improves on first-generation compounds with a modest (3-7-fold) increase in MAPK13
inhibitory activity (19) and second-generation compounds, including NuP-3 that improved MAPKI13
inhibition (130-fold) compared to the parent compound NuP-43 (23). Further, NuP-4 demonstrated high
selectivity for MAPK13 in a 425-kinase inhibitor screen compared to parent compound NuP-43 or

MAPK13-14 inhibitor NuP-3 (Figure 1C and Supplemental Figure 1).

By design, NuP-4 (like other chemical analogs in our series) maintains a DFG-out binding mode that
provides favorable slow dissociation kinetics and consequent high potency and long duration of action of a
Type II kinase inhibitor (19, 27, 28) that fits with modeling of this process (29, 30). These biding kinetics
were confirmed using biolayer interferometry (Supplemental Fig. 2). Notably, we also found 200-fold
higher binding (lower Kp) for NuP-4 to MAPK13 compared to even its closest homologue MAPK 12 based
on a remarkably long Ko rate (Figure 1D). This data demonstrates high selectivity and potency of NuP-4,
which fits with our analysis of MAPK13 structure (19, 24) and function. This profile also predicts low off-
target toxicity. Indeed, dose-range finding showed no adverse effects or significant abnormalities in clinical
laboratory values in toxicology studies done in rat (Supplemental Fig. 3A-E) or dog (Supplemental Fig.
4A-D).

Mapk13 inhibition blocks PVLD

We next determined whether NuP-4 treatment might provide MAPK 13 blockade and therapeutic benefit in

vivo. For this goal, we took advantage of a mouse model of PVLD that that develops after a natural pathogen
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Sendai virus (SeV) and depends on basal-ESC reprogramming (31, 32) that might in turn be linked to
Mapk13 function (20, 23). For drug delivery in this model, NuP-4 was formulated as the corresponding salt
(designated NuP-4A) in excipient 2-hydroxypropyl-p-cyclodextrin (Cdx) to optimize compound solubility
suitable for intravenous (i.v.) or intraperitoneal (i.p.) injection dosing. Using this formulation,
pharmacokinetic (PK) analysis showed that NuP-4A levels were consistently increased in target lung tissue
compared to plasma when given by i.v. or i.p. injection to mice (Figure 2A). For example, NuP-4A achieves
9-32-fold higher area-under-the-curve (AUC) in lung tissue compared to plasma consistent with high uptake
and target affinity in lung. These lung tissue levels of NuP-4A were maintained for at least 8§ h at a
concentration (>100 nM) that was effective for fully blocking MAPK13 enzyme activity (Figure 1B). In
that context, we proceeded with a dose of 4 mg/kg given i.p. twice per day, and to approximate clinical
treatment conditions, we initiated treatment at 5 d after infection and assessed animals at 49 d when PVLD

phenotype is maximal (31, 33-39).

Under this protocol (as diagrammed in Figure 2B), we found that acute illness and associated weight loss
were unchanged in mice treated with NuP-4A (Figure 2C). In contrast, the usual progression to PVLD was
markedly attenuated in NuP-4A-treated mice. Thus, the typical increase in nuclear-Mapk13" basal cells in
remodeling regions was significantly diminished with NuP-4A-treatment compared to vehicle control at 49
d after SeV infection (Figure 2D,E). Relatedly, treatment resulted in decreased levels of EpCAM Aqp3”
basal cell counts in lung tracked with flow cytometry (Figure 2F,G) and corresponding decreases in basal-
ESC-derived organoid formation in 3D culture conditions (Figure 2H). Similarly, attenuation of Krt5"
basal cell hyperplasia was detected by immunostaining of lung sections (Figure 2I). In concert with control
of basal cell overgrowth, the levels of periodic acid Schiff (PAS) and hematoxylin tissue staining (reflecting
mucus production and cellularity, respectively) in lung sections were also attenuated in NuP-4A-treated
mice at 49 d after infection (Figure 2J). These treatment-related improvements in Krt5 and PAS staining
were confirmed as significant based on quantitative morphology (Figure 2K). In contrast to down-
regulation of the basal cell reprogramming and remodeling events, we found no significant change in
SftpcTL-33" AT2 cell level with NuP-4A treatment compared to vehicle control (Figure 2L,M), providing

evidence of basal-cell selectivity for NuP-4A treatment effect.

In concert with histopathology findings, treatment with NuP-4 also resulted in down-regulation of mRNA
biomarkers linked to chronic lung disease. Thus, treatment resulted in significant decreases in basal-ESC
growth marked by K7t5, Agp3, and Trp63; immune activation marked by Serpinb2, Ltf, Cxcll7, and Nos2;
type 2 inflammation marked by 1113, Argl, and Trem2; typel/2 inflammation marked by //6; and mucinous
differentiation marked by Muc5ac and Clcal(Figure 3A-F). No significant decreases were found for
mucinous differentiation when marked by Muc5h (Figure 3E), alarmin signal marked by //33 mRNA
(Figure 3G), or conventional type 1 inflammation marked by Ifing, Tnfa, and I/1b mRNA (Fig. 3H). We
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also found that NuP-4 treatment resulted in correction of clinical disease phenotypes: immune activation
based on Nos2" immunostaining of lung sections (Figure 4A,B); macrophage infiltration based on F4/80"
immunostaining of these sections (Figure 4C,D); mucinous differentiation based on immunostaining for
Muc5ac and Muc5b (Figure 4E,F); and hypoxemia based on SpO, measurements (Figure 4G). Each of
these findings supported a beneficial effect for Mapk13 inhibitor treatment that was similar to the case for
Mapkl3 gene deficiency. Further, PVLD did not recur after stopping treatment, suggesting that basal cell

control might confer a disease-modifying benefit.

We extended this analysis of NuP-4A efficacy to provide additional preclinical guidance. First, we
determined whether NuP-4A might be safe and effective even when delivered during infectious illness. For
this approach, NuP-4A treatment was started 2 d before infection. In these experiments, we also we
compared NuP-4A to a combined MAPK13-14 inhibitor (NuP-3A) (23) and Mapkl3™" mice at 21 d after
infection when changes in disease biomarkers become significant (as diagrammed in Supplemental Figure
5A). Under this protocol, acute weight loss and lung levels for viral RNA and titer were not significantly
different among NuP-4A-treated, NuP-3A-treated, Mapkl3~ mice, and control vehicle-treated mice
(Supplemental Figure 5B-D). In addition, NuP-4A treatment was as effective as NuP-3A or Mapkl3-
deficiency in attenuating basal cell hyperplasia, mucinous differentiation, and cellularity in lung sections
(Supplemental Figure SE-G). Similarly, mRNA biomarkers showed down-regulation of basal-ESC
growth, immune activation, type 2 inflammation, and mucinous differentiation, and Mapkl3 induction,
(Supplemental Figure 6A-H). Second, we assessed whether NuP-4A treatment could reverse PVLD,
providing a basis for wider clinical application when basal-ESC growth might be less prominent but
immune activation and mucinous differentiation might still be ongoing (31). Indeed, we found that NuP-
4A treatment delivered at 33-48 d after SeV infection (as diagrammed and monitored in Supplemental
Figure 7A,B) was less effective in attenuating basal cell hyperplasia but still significantly decreased mucus
production based on results from Mapk13", Krt5", and PAS-hematoxylin” staining (Supplemental Figures
7C-E) and mRNA biomarker expression (Supplemental Figure 8A-H). Similarly, NuP-4A treatment
significantly decreased macrophage infiltration and mucinous differentiation based on immunostaining of
lung sections but did not affect Nos2" immunostaining given its localization to basal and basal-lineage cells
at 49 d after infection (Supplemental Fig. 9A-F). These findings suggest special sensitivity of IL-13 and

mucus production to NuP-4 treatment.
MAPK13 activation and function in human basal cells

To better define NuP-4 mechanism, especially in humans, we extended our approach to studies of human
cell models. In that regard, we recognized that MAPK 13 expression and activation can be up-regulated and
localized to basal-epithelial cells in the lung, particularly in tissue samples from diseases (notably asthma

and COPD) linked to basal-ESC reprogramming (19, 20). Further, these findings fit with MAPK13 function
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in regulating growth and mucinous differentiation based on studies of MAPK13 gene knockdown in human
basal-ESC cultures (19, 20). Accordingly, we performed additional studies of NuP-4 effects in hTEC
cultures. To assess basal-ESC growth, hTECs were maintained under submerged 2D culture conditions that
preserve basal-ESCs (34). Under these conditions (as diagrammed in Figure 5A), NuP-4 treatment
inhibited basal-ESC growth (Figure SB). Drug effectiveness (ICso=30 nM) was close to the value for
enzyme-based MAPK13 inhibition (ICso=15 nM) based on generic conditions for substrate phosphorylation
(Figure 1B). These inhibitory effects are at least 1000-fold lower than levels that produce LDH-based cell
toxicity for NuP-4 (Supplemental Figure 10A,B). Moreover, the effect of NuP-4 on basal cell growth was
not found with a potent and selective MAPK 14 inhibitor NuP-401 (VX-745) (40) under these conditions
(Figure 5B). We also took advantage of our discovery that GPNMB provides a vital signal for basal-ESC
growth in mouse models of PVLD and ex vivo models of mouse and human organoid formation (32). Here
we found that NuP-4 treatment also attenuated media-stimulated and GPNMB-enhanced organoid
formation in 3D culture conditions (Figure 5C,D). This inhibition was found at similar potency (ICso=10
nM) to growth in submerged cultures. Further, NuP-4 treatment (at the same potency) also blocked baseline
and GPNMB-stimulated immune activation marked by CXCLI7 chemokine and /L33 alarmin gene
expression tracked with corresponding mRNA levels (Figure 5E). In contrast to effects on growth and
immune activation, NuP-4 was even more effective in blocking IL-13-stimulated differentiation into
mucous cells in [L-13-stimulated air-liquid interface (ALI) cultures that promote this process. Here efficacy
(IC50=0.02 nM) was equivalent to binding-kinetics Kp for NuP-4 specific to MAPK13 (Figure 1D and
Supplemental Figure 2), providing a structural mechanism for the observed MAPK13 function. Together,
these results provide initial evidence that MAPK13 might be overexpressed, activated, and susceptible to

therapeutic blockade in human basal cells as predicted by our mouse models.
Discussion

This study engages drug discovery and development to identify a highly selective, effective, and safe
MAPKI13 inhibitor that can be applied to the specific problem of chronic lung disease and the general
challenge of tissue repair and remodeling after injury. Key findings include: (1) drug design-based
generation and formulation of a first-in-kind, small-molecule MAPK 13 inhibitor (designated NuP-4); (2)
demonstration that this drug candidate can deliver long-term correction of basal-ESC reprogramming and
chronic lung disease after viral injury in mouse and mouse-cell models; and (3) corresponding MAPK13
inhibitor control of the same basal-ESC endpoints (excess growth, immune activation, and mucinous
differentiation) in human-cell models. Together, the data provide a practical strategy for modifying this
type of disease (as diagrammed in Figure 6) and perhaps other diseases that already implicate a similar
mechanism. Here we highlight the present findings in the context of recent work that demonstrates the value

of MAPK 13 blockade as a therapeutic target based on gene-knockout/knockdown (20). Thus, we highlight
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three major points of the present data.

First, in relation to drug discovery, it has been difficult to drug MAPKSs selectively, effectively, and safely
in general but particularly challenging in the case of MAPK13 (41). Previous discovery efforts generally
based on broad kinase-inhibitor screens did not deliver a suitable drug candidate (42-44), perhaps revealing
structural limitations in access to the working parts of the drug target. Cell-based screening were similarly
unsuccessful, potentially due to the usually low levels of MAPK 13 expression under homeostatic conditions
and the challenges with artificial overexpression of MAPK13 (45). Given these problems, we took
advantage of structural data for the molecular target (MAPK13) and pathobiological data for the cellular
target of interest (basal-ESCs) in combination with experimental and clinical disease models. This
combined approach led to a candidate drug with remarkable increases in potency, selectivity, binding
characteristics, and pharmacological properties all validated with the MAPK13 target. These advantages
translated to a therapeutic benefit that is equivalent to MAPK 13 deficiency in animal and cell models. This
new compound might thereby prove useful to other disease models and diseases wherein MAPK13 control

is implicated but still based primarily on gene-knockout/knockdown strategies (15, 20, 46-48).

Second, in relation to drug mechanism, it has also been historically difficult to achieve efficacy and avoid
toxicity. In general, a solution required a greater margin of safety for dosing, with lower dosing favoring
safety. Here we find that NuP-4 maintains at least two levels of inhibitory activities: the first linked to cell
growth and immune activation that is sensitive to nM levels of compound for inhibition of target.
phosphorylation/activation; and the second connected to mucinous differentiation that is sensitive to only
pM levels of compound for inhibition of target binding even without phosphorylation. Both inhibitory
effects demonstrate a high level of compound selectivity for the MAPK 13 target, but the binding data shows
remarkable specificity even compared to the most closely related MAPK12 target. This data thereby
provides a previously unappreciated opportunity for molecular specificity and thereby efficacy with safety.
The full structural basis for this NuP-4-MAPK13 interaction needs further definition with NuP-4 analogs,
but the finding already translates to practical application to downstream substrates. There is already and
will likely be more downstream MAPK 13 substrates that translate to distinct signaling functions (41, 43).
The present data suggests that these substrates might engage with varying affinities to account for the
differential potency for NuP-4 inhibition of MAPK13-dependent cell growth, immune activation, and
differentiation. Here we find that MAPK13 blockade can also interrupt both baseline and GPNMB-
stimulated growth and differentiation. The possible intersection of GPNMB-CD44 and MAPK13 signals
should also serve to define the basis for selective stem cell control with improvements in efficacy and safety.
It will also be critical to identify the native substrates for upstream activation of MAPK13, presumably

mediated at least in part by MAPK-MAP2K interaction similar to MAPK 14 (49).

Third, in relation to this issue of target selectivity, the present data for NuP-4 also bolsters the proposal that
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MAPKI13 function is linked specifically to the basal-ESC behavior. In particular, NuP-4 action can be
localized to MAPK13 in basal-ESCs in situ and ex vivo, consistent with studies of MAPK13 gene-
knockout/knockdown (19, 20). Of note, NuP-4 treatment exhibit blockade of basal-cell growth without
significantly changing AT2-cell growth in vivo as a measure of functional sensitivity. These findings
provide additional specificity for drug action based on cellular target to compliment the selectivity for
molecular target noted in the above discussion. Whether there might be additional MAPK13 action in other
cell types still needs to be further defined, and studies of conditional gene-knockouts and inhaled drug
delivery are ongoing to address this issue. However, even at present, this cell-type information represents
a shift from the historical focus on immune-cell directed MAPK 14 inhibitors for treatment of inflammation
in general and lung disease in particular (3-6, 8, 11, 50-55). That approach resulted in MAPK 14-specific
inhibitors that were highly effective in blocking conventional cytokine (e.g., TNF-a and IL-1p) signaling
(56) as a pathway to therapeutic benefit (57). Indeed, our initial approach aimed at development of a
combined MAPK13-14 inhibitor designated NuP-3 (23), recognizing as shown here that there would be a
loss of drug specificity. Further, even the most advanced versions of MAPK 14 inhibitors have proved to be
ineffective in clinical trials of patients with lung disease, e.g., COPD (8). The data here provide a basis for
this failure in efficacy (and off-target actions) by implicating the dominant action of MAPK 13 in the disease
process. As predicted from our earlier work (19, 20, 23), MAPK13 activation appears to be required for
type-2 cytokine (particularly IL-13 and IL-4) signaling towards airway inflammation and excess mucus
production. This paradigm predicted the success for IL-13 blockade in subsets of asthma and COPD (58).
The present data reinforces this more specific therapeutic strategy, however, adding the additional element

of a stem cell target for long-term correction of disease phenotypes and perhaps inflammatory memory.

Finally, the present data provides a small-molecule MAPK 13 inhibitor that demonstrates effectiveness in
models of MAPK13-dependent disease. The findings thereby offer a new tool for studies of MAPK13
function and further solidify the value of MAPK13 as a therapeutic target in the pathway to chronic lung
disease. However, these results also highlight shared pathogenesis and therapeutic effect across the
spectrum of epithelial barrier injury and repair. In the case of respiratory viruses, our lab and others provide
evidence that a similar basal and immune cell response develops across different respiratory viruses
(including EV-D68, IAV, RSV, HRV) and triggers (including allergens and pollutants) in animal models
and humans (32, 36, 39, 59-62). These findings suggest a pathway to a broader and more lasting strategy
to inhaled agents that are responsible for respiratory failure in the intermediate-term and initiation,
progression, and exacerbation of chronic respiratory diseases in the long-term. The present data for disease
correction after stopping treatment and disease reversal with late-stage treatment further suggest the
potential for disease modification. This represents an advancement over current drug and biologic

treatments (63) by introducing a practical and precise (biomarker-guided) means to correct basal-ESC
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reprogramming and post-viral lung disease as a guide to testing in related diseases in the respiratory tract

and other sites.
Materials and Methods
Compound generation, analysis, and formulation

MAPK inhibitor candidates were developed as a chemical analog series (n=520 compounds) from parent compound
NuP-43 (BIRB-796) with modifications based on X-ray crystal structures for MAPK13 (unphosphorylated and
phosphorylated forms) and co-crystal structure for the MAPK13-NuP-3 complex (19, 23-25).. The entire series of
analogs was subjected to a screening funnel that included assessments of chemical properties, MAPK13 and MAPK 14
enzyme inhibition assays, and hTEC TEER values. Individual kinase inhibition assays were performed using the
HotSpot assay platform (Reaction Biology, Malvern, PA) as described previously (23, 42) using MAP2K6 (MKK6)
as upstream kinase activator and myelin basic protein as downstream kinase substrate. The same approach was used
to test NuP-43, NuP-3, and NuP-4 for inhibitory activities in a comprehensive human kinase panel (Reaction Biology,
Malvern, PA). Binding kinetics for NuP-4 interaction with MAPK12, 13, and 14 were assessed with biolayer
interferometry (BLI) as described previously (23).

Lead candidate compound (NuP-4) was formulated as the HBr salt (designated NuP-4A) to improve solubility for all
studies of parenteral administration. For pharmacokinetic (PK) analysis, compound levels were determined in plasma
and lung tissue samples from mice at a single dose of 2-8 mg/kg and 4 mg/ml in 20% (wt/vol) 2-hydroxypropyl-f-
cyclodextrin (Cdx) given by intravenous (i.v.) or intraperitoneal (i.p.) injection. Compound levels were determined
using a Shimadzu DGU-20A5R(C) HPLC and LCMS-8060 LC/MS/MS instrument or a Prominence Degasser DGU-
20A5T(C) HPLC and an AB Sciex Triple Quad 5500 LC/MS/MS instrument. For mouse model experiments,
compound was also dissolved in Cdx (20% wt/vol) at a compound concentration of 4 mg/ml and stored at 4 °C for
each experiment. Compounds were reconstituted in DMSO vehicle (<1:1000 vol/vol) for cell model experiments. For
each preparation, compound stability and purity were verified at >99% using an Agilent 1100 Series HPLC and
LC/MSD system and a Varian 400-MHz NMR spectrometer.

Toxicology

For rat (Sprague-Dawley) and dog (Beagle) toxicology studies, NuP-4 was tested in maximum tolerated dose (MTD)
and dose-range finding (DRF) protocols using intravenous injection of NuP-4A at 4 mg/ml in 20% 2-hydroxypropyl-
B-cyclodextrin (Cdx) solution (tail vein for rats and leg vein for dogs). Maximal doses were limited by feasibility
based on NuP-4A solubility and injection volume. Levels of NuP-4 for lung tissue and plasma samples were

determined using a bioanalytical assay with LC/MS/MS as described above.
Mouse models

Male and female wild-type (WT) C57BL/6J mice (000664) mice were obtained from Jackson Laboratory. The Mapk!3
gene knockout mice (Mapkl3~") were generated in the C57BL/6J background using CRISPR/Cas9 technology as
described in our recent report (20). All mice were maintained and co-housed in a barrier facility using cages fitted

with micro-isolator lids. Animal husbandry and experimental procedures were approved by the Animal Studies
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Committees of Washington University School of Medicine in accordance with the guidelines from the National
Institutes of Health. Sendai virus (SeV, Sendai/52 Fushimi strain, ATCC VR-105) was obtained from ATCC and
prepared and titered by plaque-forming assay and qPCR assay as described previously (33). Mice were infected with
SeV (2.6 x 10° PFU) as described previously (36). Virus or an equivalent amount of UV-inactivated virus or PBS
alone was delivered intranasally in 30 ul of PBS under ketamine/xylazine anesthesia at 6-9 wk of age. Results from
male and female mice were pooled since no significant differences were found between sexes as reported initially (64)
and confirmed recently (36) and in the present experiments (data not shown). Viral titers for stock solutions and lung
infections were monitored by quantitative PCR (qPCR) assay using primers for SeV-NP RNA as defined previously
and in Supplemental Table 1 using Sel-NP-expressing plasmids as an internal standard (36)

Tissue histology and staining

Lung tissue was fixed with 10% formalin, embedded in paraffin, cut into 5-um sections and adhered to charged slides.
Sections were stained with PAS and hematoxylin as described previously (31, 36). For immunostaining, sections were
deparaffinized in Fisherbrand® CitriSolv® (Fisher), hydrated, and heat-treated with antigen unmasking solution
(Vector Laboratories, Inc). Immunostaining was performed with the commercially available primary antibodies as
detailed in Supplemental Table 2. Primary antibodies were detected with secondary Abs labeled with Alexa Fluor
488 (Thermo Fisher Scientific) or Alexa Fluor 594 (Thermo Fisher Scientific) followed by DAPI counterstaining.
Slides were imaged by light microscopy using a Leica DM5000 B and by immunofluorescent microscopy using an
Olympus BXS51, and staining was quantified in whole lung sections using a NanoZoomer S60 slide scanner

(Hamamatsu) and Image]J software as described previously (31, 36).
Flow cytometry and FACS

Single cell suspensions were generated from minced lung tissue that was subjected to collagenase (Liberase TM
Research Grade, Roche), hyaluronidase (Sigma), DNAse I (Sigma), and Dispase II (Roche) digestion for 45 min at
37 °C and then treated with ACK buffer (Lonza) to remove red blood cells. Following FcR blockade, lung cell
suspensions were incubated with labeled antibodies and were sorted using a Sony SY3200 Synergy high-speed cell
sorter. The following antibodies were used: anti-mouse CD31 (clone MEC 13.3; BD Biosciences), anti-mouse CD45
(clone 30-F11; BD Biosciences), anti-mouse EpCAM (clone G8.8; BioLegend), anti-Aqp3 (Abcam ab125219) and
anti-Ki-67 (clone SolA1S5, eBiosciences). Anti-Aqp3 antibody was labeled using the Zenon antibody labeling kit

(Molecular Probes). FACS results were plotted and analyzed using FlowJo software (TreeStar).
Mouse epithelial cell culture

For mouse epithelial cell cultures, CD45-CD3 1" EpCAM*Aqgp3™ lung epithelial cells from FACS (as described above)
were resuspended in SAGM (Lonza) mixed 1:1 with growth-factor reduced Matrigel (BD Biosciences) and plated at
3 x 10® cells per 100 pL in 24-well Transwells (Corning). For the first 5 d, SAGM was added with 10 uM Rock
inhibitor (Sigma) but without FBS. After 5 d, SAGM was added with 10 % FBS but without Rock inhibitor. The
medium was changed every 2-3 d. Organoids were cultured for 14 d to monitor stem cell growth (using organoid
levels) as described previously (32). For compound treatment experiments, the same protocol was used, and NuP-4

(10-1000 nM) or vehicle control was added at each medium change.
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RNA analysis

RNA was purified from homogenized lung tissue using Trizol (Invitrogen) or from isolated cells with the RNeasy
mini kit (Qiagen) and was used to generate cDNA with the High-Capacity cDNA Archive kit (Life Technologies).
We quantified target mRNA and viral RNA levels using real-time qPCR assay with specific fluorogenic probe-primer
combinations and Fast Universal PCR Master Mix systems (Applied Biosystems) with mouse-specific forward and
reverse primers and probes as described previously (37) and in Supplemental Table 3. For the Mapk3 assay, primers
and probe were designed to amplify WT but not Mapk1 3 indel sequence in Mapkl 3~ mice. All samples were assayed
using the 7300HT or QuantStudio 6 Fast Real-Time PCR System and analyzed using Fast System Software (Applied
Biosystems). All real-time PCR data was normalized to the level of Gapdh mRNA. Values were expressed as fold-
change based on the delta-delta Ct method as described previously (65).

Lung function tests

To test lung function, we assessed blood oxygen saturation (SpOz) and airway reactivity to methacholine (MCh). For
SpO2 monitoring, we used a MouseSTAT® pulse oximeter (Kent Scientific, Torrington, CT) applied to the paw skin
under isoflurane anesthesia as described previously (31). To decrease variability in readings for this procedure,
anesthetized mice were placed on the RightTemp warming pad, and the SpO: reading was recorded when the Oxiwave

signal was stable.
Human epithelial cell culture

For non-disease control samples, lung tissue was obtained from our Advanced Lung Disease Tissue Registry that
contains whole lung explants harvested from consented patients in our lung transplant program; lungs that were not
usable for transplantation from the local Organ Procurement Organization, Mid-America Transplant; and lungs from
a tissue procurement service (IIAM, Edison, NJ) as described previously (19, 20, 39, 66, 67). Human studies were
conducted with protocols approved by the Washington University (St. Louis, MO) Institutional Review Board and
USAMRDC Office of Research Protection. For the present experiments, non-disease control samples were used to
isolate human tracheobronchial epithelial cells (hnTECs) using enzymatic digestion and then studied to monitor cell
growth, immune activation, mucinous differentiation, and toxicity. To monitor cell growth, hTECs were cultured
under submerged conditions as described previously (34), and growth was monitored using the CyQUANT cell
proliferation assay (ThermoFisher). In addition, hTECs were also cultured under 3D-Matrigel conditions with and
without GPNMB (100 ng/ml) to permit organoid formation as described previously (32). To assess immune
activation, hTECs were cultured under the same 3D conditions and assessed for CXCL/7 and /L33 mRNA using real-
time qPCR assay. To monitor mucinous differentiation, hTECs were cultured under ALI conditions as described
previously (19, 23). In this case, cells were cultured in 24-well Transwell plates (6.5-mm diameter inserts, 0.4 pm
pore size) from Corning (Corning, NY) with 2% NuSerum medium (68) supplemented with Primocin (50 pg/ml,
(InvivoGen, San Diego, CA), and retinoic acid (1 x 10® M, Sigma, St. Louis, MO) with or without human IL-13 (10
ng/ml, Peprotech, Rocky Hill, NJ) under submerged conditions for 7 d and then ALI conditions for 21 d. Cells were
cultured in the presence or absence of inhibitors or vehicle that were added 2 d before addition of IL-13 and were re-

added with each medium change/IL-13 treatment (twice per week). Transepithelial electrical resistance (TEER) was
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monitored for monolayer integrity as described previously (19, 69). Compound effect on mucus production was based
on target mRNA levels that were determined using real-time qPCR assay with primers and probes as listed in
Supplemental Table 4. To assess cell toxicity, hTECs were cultured under submerged conditions to achieve
confluence and then ALI conditions to assess toxicity to compound treatment. Toxicity was determined using cell
supernatant levels of LDH release measured with the CyQUANT LDH cytotoxicity assay (ThermoFisher).). For all
cell culture experiments, compounds were prepared and stored as 10 mM in DMSO stock solution and for each

experiment diluted at least 10,000-fold in cell culture media for cell treatment.
Statistical analysis

All data are presented as mean and s.e.m. and are representative of at least three experiments with at least 5 data points
per experiment. For cell and molecular data, mixed-model repeated measures analysis of variance with Tukey
correction for multiple comparisons were used to assess statistical significance between means. In all cases,

significance threshold was set at P < 0.05.
Supplemental Materials

Supplemental Figures 1-10 and Tables 1-4.
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Fig. 1. Structure-based drug design yields a lead candidate MAPK13 inhibitor (NuP-4). A, Screening funnel steps
for chemical compound library (n=520) using chemical properties, MAPK13-14 enzyme assays, trans-epithelial
electrical resistance (TEER) for human tracheobronchial epithelial cell (RTEC) monolayer integrity for cell toxicity, and
additional MAPK13 assays. B, Enzyme inhibition activities for NuP-4 based on MAPK13 and MAPK14 phosphorylation
of kinase substrate. C, Heat map for enzyme inhibition activities for NuP-4 based on a 425-kinase panel. D, Values for
Kb derived from biolayer interferometry (BLI) analysis of NuP-4 binding for MAPK13 versus MAPK12 or MAPK14.
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Fig. 2. NuP-4A benefit persists after stopping treatment to correct PVLD. A, Levels of NuP-4A in lung tissue and
plasma after a single dose (4 mg/kg i.p.) in mice (n=3). AUC, area under curve. B, Protocol scheme for NuP-4A or
vehicle treatment twice daily (bid) for 5-21 d with final samples at 49 d after SeV infection. C, Body weights for conditions
in (B). D, Immunostaining for Mapk13 and Krt5 with DAPI counterstaining in lung sections at 49 d after SeV or PBS
and with NuP-4A or vehicle treatment for conditions in (B). E, Quantitation of immunostaining for (D). F, Protocol
scheme for basal cell isolation, quantitation, and 3D organoid culture. G, Cell numbers from flow cytometry of basal
epithelial cells for conditions in (F). H, Organoid numbers from 3D cultures of basal cells for conditions in (F). I,
Immunostaining for Krt5 with DAPI counterstaining in lung sections for conditions in (A). J, PAS-hematoxylin staining
of lung sections for conditions in (A). K, Quantitation of staining for (I,J). L, Immunostaining for IL-33 and Sftpc with
DAPI counterstaining of lung sections for conditions in (B). M, Quantitation of immunostaining for (L). For (C-M), data
are representative of three separate experiments with n=5-7 animals per condition in each experiment (mean £ s.e.m.).
*P <0.05 using ANOVA and Tukey correction.
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Fig. 3. NuP-4A effect on biomarkers to track PVLD. A-G, Lung levels of mRNA biomarkers for indicated disease
endpoints for NuP-4A treatment for 5-21 d with final samples at 49 d after SeV infection as shown in Fig. 2B. Data are
representative of three separate experiments with n=8 animals per condition in each experiment (mean £ s.e.m.). *P
<0.05 using ANOVA and Tukey correction.
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Fig. 4. NuP-4A effect on phenotypes that track PVLD. A, Immunostaining for Nos2 with DAPI counterstaining of
lung sections from mice for NuP-4A treatment for 5-21 d with final samples at 49 d after SeV or PBS as shown in Fig.
2B. B, Quantitation of staining in (A). C, Immunostaining for F4/80" macrophages and DAPI counterstaining for
conditions in (A). D, Quantitation of staining in (C). E, Immunostaining for Muc5ac and Muc5b with DAPI counterstaining
for conditions in (A). F, Quantitation of staining in (E). G, Oximeter levels for blood oxygen saturation (SpO) for
conditions in (A). Data are representative of three separate experiments with n=5-14 animals per condition in each
experiment (mean + s.e.m.). *P <0.05 using ANOVA and Tukey correction.
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Fig. 5. NuP-4 controls basal-ESC growth and differentiation. A, Protocol scheme for human tracheobronchial
epithelial cell (hnTEC) study using submerged culture conditions. B, Cell number levels for conditions in (A). C, Protocol
for hTEC-derived organoids for compound effect on cell growth and immune activation. D, Levels of organoids for
conditions in (C). E, Levels of CXCL17 and /L33 mRNA for conditions in (C). F, Protocol for hTEC study under air-liquid
interface (ALI) culture conditions for effect of NuP-4 on MUC5AC mRNA level with and without IL-13 stimulation. G,

Levels of target mRNA for conditions in (F). For (B,D,E,G), values represent mean +
representative of 3 subjects. *P <0.05 using ANOVA and Tukey correction.
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Fig. 6. Model for basal-ESC reprogramming towards excess growth, immune activation, and mucus production
as targets for MAPK13 blockade in airway disease. Sequential steps include initial barrier injury (e.g., viral infection);
immune niche support (e.g., moDC recruitment and activation); basal-ESC growth, differentiation, and immune
activation (e.g., chemokine production); immune cell recruitment and production of cytokines (e.g., IL-13), and further
basal-lineage cell differentiation towards mucus production in mucous cells. SMKI, small-molecule kinase inhibitor (e.g.,
NuP-4).
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