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An unconventional T cell nexus drives HCK-mediated chronic
obstructive pulmonary disease in mice
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Summary

Background Chronic obstructive pulmonary disease (COPD) is a heterogeneous inflammatory lung disease
leading to progressive, destructive lung function decline, disability and death, and it is refractory to all current
treatments. Haematopoietic cell kinase (HCK) is a druggable SRC-family non-receptor protein tyrosine kinase
and COPD candidate gene. It is implicated in the chronic and non-resolving inflammation that causes
mucosecretory bronchitis and destruction of small airways and alveoli, but how it drives pathophysiology
remains obscure.

Methods Studies primarily utilised gene-targeted mice with a gain-of-function mutation in Hck that rendered the
enzyme constitutively active. Bone marrow chimeras were established to determine the origin of disease, and the
lung disease was investigated using histopathology, morphometry, flow cytometry and single-cell sequencing
techniques. Detailed pathways mediating disease pathogenesis were examined using specialised knockout mice.

Findings Hck™* mice developed intense granulocytic mucosecretory inflammation. Bone marrow chimeras revealed
that stromal-derived granulocyte-colony-stimulating factor (G-CSF) resulted in lung inflammation and emphysema
but not mucus production; while its upstream regulator, interleukin (IL)-174, itself implicated in emphysema and
mucus overproduction, was produced by Vy6Vdl T cells that were recruited to airspaces. Nonetheless, lung
disease was unchanged upon genetic deletion of ¥y T cells, due to niche-filling expansion of IL-17A-producing
mucosal-associated invariant T cells. Strikingly, IL-17A deletion abrogated inflammation, alveolar destruction and
mucus overproduction in Hck™F lungs.

Interpretation These findings highlight the role of HCK as an apical regulator of an unconventional T cell axis that
drives IL-17A/G-CSF/granulocyte-mediated pathology in COPD, and underscore the rationale for therapeutically
targeting HCK.
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Introduction disability globally." COPD is defined by clinical history

Chronic obstructive pulmonary disease (COPD) afflicts
around 480 million people, causes over 3.3 million
deaths and is a major cause of hospitalisation and

and lung function decline below the forced expiratory
volume in 1 s/forced vital capacity ratio of 0.7. Patho-
physiologically, lung function decline is caused by
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Research in context

Evidence before this study

HCK is a myeloid-selective SRC-family kinase with strong links
to chronic obstructive pulmonary disease both experimentally
and clinically. A recent clinical study has revealed the
devastating consequences of constitutive activation of this
enzyme, with myeloid cell activation resulting in treatment-
unresponsive fatal respiratory disease. However, exactly how
HCK might drive lung disease pathogenesis is not known.

Added value of this study

We employed a physiologically relevant mouse model of
constitutively active HCK to investigate mechanisms
underlying lung disease. Using sophisticated bone marrow
chimera studies, we defined the main cellular sources of
disease mediators, and by utilising specialised knockout mice
we uncovered a niche dynamic between two key IL-17A-
producing unconventional T cell types that ultimately led to

chronic, non-resolving lung inflammation that destroys
small airways (bronchiolitis) and alveoli (emphysema). It
also triggers excessive viscid mucus secretion (bron-
chitis) and small airway mucus plugging, which are
directly associated with decline in lung function,
morbidity and mortality.” This prominent inflammation
comprises infiltrating macrophages, neutrophils and
lymphocytes and is linked to tissue damage. Neutrophils
are highly implicated in COPD as their products stim-
ulate mucus gene expression, goblet cell metaplasia, and
promote alveolar tissue destruction.*” However, con-
ventional anti-inflammatory drugs, including gluco-
corticosteroids, have little effect on the neutrophilic
inflammation that predominates in COPD and are not
effective at slowing disease progression.® There is,
accordingly, a pressing need for further insights into the
fundamental molecular and cellular mechanisms of this
disease in order to develop disease modifying therapies.

Haematopoietic cell kinase (HCK) is a non-receptor
SRC-family tyrosine kinase signalling intermediate
that regulates the activity of myeloid cells,” and is thus a
candidate COPD gene. Indeed, human genetic studies
have revealed that HCK polymorphisms, which increase
HCK activity by increasing protein levels, are prominent
in COPD.'*"* Recently, an individual was identified that
harboured a de novo mutation in HCK that resulted in
loss of its inhibitory tyrosine residue, triggering
augmented HCK activity in myeloid cells.” This caused
early-onset pulmonary inflammation that was poorly
responsive to glucocorticoid treatment and immuno-
suppressive therapies, leading ultimately to fatal respi-
ratory failure, and highlighted an unmet need to better
understand the processes underlying HCK-mediated
disease.” In contrast to many known COPD candidate
genes which are difficult to modify, the kinase domain
of HCK is “druggable” and can be inhibited with small

the identification of IL-17 as a major driver of
immunopathology. Complete genetic ablation of IL-17
preserved lung structure and protected mice from severe
mucosecretory emphysematous lung disease.

Implications of all the available evidence

Our study represents a major step towards understanding
how augmented HCK activity drives lung disease. These
findings identify HCK as an important therapeutic target at
the apex of an IL-17A/G-CSF/granulocyte and unconventional
T cell pathogenic axis that offers improved insights into the
fundamental pathobiology of chronic obstructive pulmonary
disease. Given the druggable nature of HCK, inhibitors of this
enzyme, or its downstream mediators, should be explored as
a therapeutic strategy in distinct endotypes of chronic
obstructive pulmonary disease.

molecules.'* However, exactly how HCK might drive the
pathogenesis of COPD is not known, but further un-
derstanding of disease mechanisms may provide ratio-
nale for specific HCK inhibitors to treat pulmonary
inflammation.

To better understand the pathobiology of HCK in
COPD, we studied a mouse model where HCK has been
constitutively activated by introducing a gene-targeted
gain-of-function mutation in the kinase regulatory re-
gion, where a regulatory tyrosine (Y) residue has been
mutated to a phenylalanine (F), mimicking clinical ob-
servations. Homozygous Hck"" mice exhibit enhanced
myeloid cell activity and spontaneously develop myeloid-
rich lung inflammation, which drives emphysema and
marked increases in goblet cells,”'® the latter being the
root cause of chronic bronchitis and mucus plugging.
Thus, this model closely resembles clinical disease.
Herein, we show that Hck™" mice display marked
upregulation of the proinflammatory cytokine IL-17A
that is prominent in COPD,"” and G-CSF/colony-stim-
ulating factor 3 (CSF3), a haematopoietic growth factor
produced by pulmonary epithelial and endothelial cells
that is critical for the development, survival, mobi-
lisation and priming of myelomonocytic cells' and is
implicated as a determinant of COPD and its complex
comorbidome.” By probing the cellular source of IL-17
in Hck™* mice, we further uncover a reciprocally
cross-regulating cellular axis of IL-17-producing uncon-
ventional y8 T cells and mucosal-associated invariant T
(MAIT) cells. These findings further underscore the
unappreciated importance of HCK in the molecular and
cellular pathogenesis of COPD and suggest the thera-
peutic utility of targeting this candidate disease axis.
Furthermore, these insights will allow the identification
of patient endotypes most likely to respond to HCK
inhibitors.
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Methods

Mice

C57BL/6 background Hck™/" mice (129T1/Sv-Hck™ ™/
LudApb; denoted as FF in figures),”'® were obtained
from the Ludwig Institute for Cancer Research, Australia
under a Material Transfer Agreement (Australian Phe-
nome Bank ID 5490). T cell receptor (TCR) & chain-
deficient (Tcrd”") mice (RRID:IMSR_JAX:002120),
and 1117a~/~ mice” (obtained from the Tokyo University
of Science, Tokyo, Japan under a Material Transfer
Agreement) were on a C57BL/6 background. C57BL/6
mice (denoted as B6 in figures) were used as controls for
all studies. Mice were housed under standard 12-h light—
dark conditions and had unlimited access to food and
water. Animals were examined prior to the initiation of
an experiment and any that appeared unwell were
excluded, with weight loss, facial expression and activity
level used as key exclusion criteria. Hck™/*Tcrd™”~ mice
and Hck"/F1117a7/~ mice were generated to examine the
role of y8 T cells and I1-17A in lung disease. Csf3™/~ mice
(RRID:IMSR_JAX:002398),”* obtained from the Ludwig
Institute for Cancer Research under a Material Transfer
Agreement, were used as recipients in bone marrow
(BM) chimera experiments. The genotype of animals was
confirmed by PCR analysis of tail DNA (Supplementary
Table S1), and mice were age and sex matched, using
appropriately-matched genetic background controls. No
specific algorithm was used to match mice; whole litters
generally matched for sex were used, and control C57BL/
6 mice were then selected on the basis of the mutants
used, matching for age and sex. Supplementary File 1
contains information on the sex of the mice used for
the individual components of the study.

Ethics

Animal experiments were approved by the Animal
Ethics Committees of the Alfred Research Alliance, the
University of Melbourne, and the Olivia Newton-John
Cancer Research Institute (Approval numbers:
E1688/2016/M; E1830/2018/M; E8248/2021/M; UoM
#10077). Experiments adhered to National Health and
Medical Research Council of Australia (NHMRC)
guidelines, the ARRIVE guidelines, and the Australian
Code for the Care and Use of Animals for Scientific
Purposes.

Response to glucocorticosteroid treatment

To examine the response to glucocorticosteroid treat-
ment, 10-wk-old Hck™" mice were randomised and
then treated daily for 4 weeks by intraperitoneal injec-
tion with phosphate-buffered saline (PBS) or 2 mg/kg
dexamethasone (Product Number D2915, Sigma-—
Aldrich, Burlington, MA, USA). Dexamethasone has
excellent bioavailability by the intraperitoneal route, and
previous studies have shown that this dose and delivery
method given for 7-days during the allergen challenge
period limits eosinophilic asthma responses in mice.*
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Mice were then euthanised by sodium pentobarbitone
overdose (541.67 mg/kg, Product code LETHA450,
Virbac, Milperra, NSW, Australia) for assessment of
immune cell composition in spleen and lung tissue.

Bone marrow chimeras

To ascertain the cell type responsible for the lung dis-
ease phenotypes in Hck™* mice, bone marrow (BM)
chimeras were established using the following combi-
nations: C57BL/6 BM into C57BL/6 mice as a negative
control (B6 > B6); Hck™/F BM into Hck"™/F mice as a
positive control (FF > FF); Hck™/F BM into C57BL/6
mice to assess whether Hck™" BM could induce lung
disease in control mice (FF > B6); and, C57BL/6 BM
into Hck™" mice to assess whether the lung environ-
ment in Hck™* mice drives the phenotype (B6 > FF). In
the second series of experiments, G-CSF-deficient re-
cipients (Csf37/"; GKO) were used to determine the role
of stromal-derived G-CSF in the lung disease phenotype
by transplanting Hck™" BM into C57BL/6 or Csf37/~
mice (FF > B6 and FF > GKO respectively). Briefly, BM
was flushed aseptically from the femurs of donor mice,
washed, filtered and resuspended in PBS. Recipient
mice were lethally irradiated with two equal doses of
450 rad separated by 3 h using an X-ray irradiator (RS
2000, Rad Source Technologies, Buford, GA, USA). One
hour after the second dose, recipient mice received
1 x 10° donor BM cells through lateral tail vein injection,
and were then placed on oral antibiotics (enrofloxacin,
Baytril 25, Bayer Australia Ltd, Pymble, NSW, Australia)
during recovery for 3 weeks and housed on wood-chip
bedding to expedite residential alveolar macrophage
turnover.” G-CSF-deficient recipients (Csf37/7) were
susceptible due to myelosuppression,* with 60% (9/15)
of irradiated mice being euthanised by slow-fill CO,
asphyxiation during the recovery period due to wasting.
All other chimera combinations recovered fully.
Reconstituted mice were then analysed 12-16 weeks
post-irradiation.

Bronchoalveolar lavage and cytospins

Mice were terminally anaesthetised by intraperitoneal
injection of 600 mg/kg sodium pentobarbitone. Bron-
choalveolar lavage (BAL) was performed by washing the
lungs with ice-cold PBS (4 x 400 pl) using a modified
21G-needle inserted in the trachea. Cell counts were
performed using a haemocytometer. Cells were centri-
fuged onto glass slides (320 rpm, 7 min) using a
Shandon Cytospin 3 (Thermo Fisher Scientific, Wal-
tham, MA, USA) and then stained with Hemacolor
Rapid Staining of Blood Smear staining kit (Product
number 1.11661, Sigma-Aldrich). BAL fluid from the
first wash was retained for cytokine measurement.

Lung fixation and histology
Lungs were inflation-fixed at 25-cm water pressure in
10% formalin (NBFG, Amber Scientific, Belmont, WA,
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Australia) for at least 24 h, processed and then
embedded in paraffin (Surgipath Paraplast Embedding
Medium, Leica Biosystems, Mount Waverley, VIC,
Australia). Whole lung sections were cut to a thickness
of 4 pm, mounted onto SuperFrost Plus slides
(J1800AMNZ, Menzel-Glaser/Epredia, Germany) and
stained with Harris Haematoxylin (HH-1L, Amber Sci-
entific) and 1% alcoholic eosin (EOS-1L, Amber Scien-
tific) (H&E) for histopathology assessment. Slides of
lung sections were also stained with 1% Alcian Blue
(A5268-10G, Sigma-Aldrich)/1% Periodic Acid (PERI-
500, Amber Scientific) and Schiff’s Reagent (SCHF-500,
Amber Scientific) followed by counterstaining with
Harris Haematoxylin (HH-1L, Amber Scientific) (AB/
PAS) for goblet cell analyses. H&E staining was per-
formed at the Monash Histology Platform DIY facility
and AB/PAS staining was performed by the Monash
Histology Platform (Monash University, Clayton, VIC,
Australia). AB/PAS-stained and H&E-stained lungs
were scanned by the Monash Histology Platform using
the Leica Aperio AT Turbo Brightfield slide scanner
(Leica Biosystems, Nussloch, Germany) or captured on
an Olympus BX-51 light microscope using 10x, 20x and
40x objectives (Olympus Australia, Notting Hill, VIC,
Australia).

Morphometric analysis of lungs

The average size of alveolar airspaces was measured by
the mean linear intercept (MLI) method.” Briefly, twenty
equally distributed lines were drawn on H&E-stained
lung cross-sections. The number of times each line
intercepted with an alveolar wall was counted. The size of
the alveolar airspace was then determined by dividing the
known length of the line drawn across the images of the
lung cross-sections (in pm) by the number of intercepts.

Goblet cell analysis

Goblet cell numbers were counted in high power field
(HPF) images of the large airway.”” Briefly, magenta-
stained goblet cells in AB/PAS-stained lung cross-
sections were counted at 400x magnification of images
of the large airways and averaged across 10 random
images of the large airways per lung.

Flow cytometry

Flow cytometry was used to discriminate the immune
cell populations in BAL and digested lung tissue sam-
ples,” for analysis of lymphocyte populations in spleen*
and for assessment of thymic development.””** Single
cell suspensions were incubated with Fc Block for
5-10 min (anti-mouse CD16/CD32, clone 2.4G2, BD
Biosciences Catalogue # 553142, RRID: AB_394656),
then stained with commercial anti-mouse monoclonal
antibodies which are listed in Supplementary Table S2.
Antibodies were first tested and validated by staining of
single cell suspensions of mouse spleen or BAL.

Technical data sheets with validation information are
provided in the Reagent Validation file.

MAIT cells were detected using MR1-5-OP-RU tetra-
mers,’ and natural killer T (NKT) cells were detected using
CD1d-a-GalCer tetramers.” Lung tissue NKT and MAIT
cells were gated as CD45°CD11c¢ B220-CD3™CD1d-
o-GalCer* and CD45"CD11¢ B220CD3™MR1-5-OP-RU*
cells, respectively. MAIT cells were additionally assessed in
the BAL and were gated as CD45'CD11¢"B220"TCRp*
MR1-5-OP-RU". TCRf was preferred over CD3 for the
identification of NKT and MAIT cells; however, antibody
usage was dependent upon availability at the time of the
experiments. Innate lymphoid cells (ILC) were gated as
CD45", Lineage™ (TCR-B, B220, CD11c, CD11b negative),
CD127*. ILC1 were further gated as Tbet RORyt NK1.1%;
ILC2 as RORyt T-bet"; and ILC3 as Tbet RORyt".

Intracellular staining for T-bet and RORyt was
performed after fixation and permeabilisation of
surface-stained cells using the Foxp3 Transcription
Factor Staining Buffer Set (Catalogue number 00-
5523-00, eBioscience, Waltham, MA, USA). Fluores-
cence Minus One (FMO) controls were used to aid in
gating positive cells. Cytokine production was
assessed by stimulating BAL or spleen cells with
50 ng/ml phorbol 12-myristate 13-acetate (PMA,
Product number P8139, Merck, Sigma-Aldrich) and
1 pg/ml ionomycin (Product number 407950, Merck,
Sigma-Aldrich) or vehicle in the presence of Golgi-
Plug (Catalogue number 555029, BD Biosciences,
Franklin Lakes, NJ, USA) for 4 h at 37 °C. Cells were
then surface stained, fixed and permeabilised using
the BD Cytofix/Cytoperm Fixation/Permeabilisation
Plus Kit (Catalogue number 555028, BD Biosciences)
and stained for intracellular IL-17A and interferon-y
(IFN-y). Stained cells were acquired on an LSRII or
LSRFortessa X-20 (BD Biosciences), and data was
analysed using FlowJo software (Version 10.10.0,
FlowJo, LLC, Ashland, OR, USA). Doublets were
excluded using forward scatter area (FSC-A) vs for-
ward scatter height (FCS-H) gating, and dead cells were
excluded using FluoroGold staining at a 1:1000 final
dilution in the antibody cocktail (Catalogue number sc-
358883, Santa Cruz Biotechnology, Dallas, TX, USA).
Gating strategies for BAL and lung tissue are shown in
Supplementary Figures S1 and Figure S2 respectively.

Cell sorting

Single CD3™&" and CD3'" y5 T cells were sorted from
mouse spleen and digested lung tissue; and B cells,
CD4+, CD8+ and yd T cells were sorted from mouse
spleen using a BD FACSAria (Beckton Dickinson).
Doublets were omitted based on FSC-A vs FSC-H
gating, and dead cells were excluded using fluorogold
staining. y8 T cells in the spleen were defined as
CcD3Meh or CD3Y and were CD45'B2207y8TCR™.
B cells in the spleen were defined as CD45"B220"; CD4"
T cells were B220°CD3*CD4"; and CD8" T cells were
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B220°CD3"CD8". y8 T cells in the lung were defined as
CD3"" or CD3"" and were CD45°CD11c B220°CD4"
CD$ySTCR".

Single cell PCR and y8 TCR sequencing

TCR-y and TCR-8 transcripts were amplified from sin-
gle CD3"e" or CD3'" v8 T cells sorted into plates as
described.” Briefly, complementary DNA was generated
from RNA extracted from the sorted cells and amplified
by two rounds of PCR with primers designed against
respective y8TCR regions.* PCR products were sepa-
rated Dby gel electrophoresis and sequenced as
described.” Successfully amplified TCR genes as
determined by agarose gel electrophoresis were sub-
jected to Sanger Sequencing using internal TCR delta
chain (5-GATGACAATAGCAGGATCAAAC-3) or TCR
gamma chain (5-CCCAGAATCGTGTTGCT-3') primers
at Australian Genome Research Facility (AGRF), Mel-
bourne. Sequence data was analysed using IMGT
V-QUEST sequence alignment software v3.4.17.

Cytokine measurement in BAL fluid

Cytokine levels in BAL fluid were measured using a
Luminex multiplex assay (R&D Systems, Minneapolis,
MN, USA) following the manufacturer’s instructions.
IL-17A levels in BAL fluid were quantified using a
mouse IL-17A ELISA kit (DY421-05, R&D Systems).

RNA extraction and quantitative reverse
transcription PCR (qRT-PCR)

Gene expression of Hck was assessed in cells sorted from
mouse spleen (B cells, CD4+, CD8+ and y8 T cells) by
qPCR. Briefly, RNA was extracted from sorted cells using
the RNeasy Mini Kit (Catalogue number 73404, Qiagen,
Hilden, Germany) and cDNA was synthesised with the
High-Capacity RNA-to-cDNA kit (Catalogue number
4387406, Applied Biosystems, Thermo Fisher Scientific),
both according to the manufacturer’s instructions. Gene
expression was assessed using Taqman validated primer
sets against mouse Hck (Mm01241463_m1, Applied
Biosystems, Thermo Fisher Scientific) and mouse Rn18s
(MmO04277571_s1, Applied Biosystems, Thermo Fisher
Scientific), and fold change was calculated relative to
Rn18s. Three independent experiments were conducted
and the data in each experiment was normalised by
expressing the fold difference relative to mouse y6 T
cells, allowing data to be pooled.

For lung gene expression, the middle right lobe of
mouse lung was collected for qPCR and RNA was iso-
lated using the TRIzol method with tissue homogenised
using the Qiagen TissueLyser II (Qiagen) and 3 mm
tungsten carbide beads (Qiagen).*® RNA was converted
to cDNA using the FIREScript RT ¢DNA synthesis kit
(Catalogue number 06-15-00200, Solis BioDyne, Tartu,
Estonia). PowerUp SYBR Green Master Mix (Catalogue
number A25778, Thermo Fisher Scientific) was used to
perform qRT-PCR, with genes of interest assessed using
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validated self-designed primers and published primer
sequences (Supplementary Table S3). Genes were
amplified on a QuantStudio Flex 5 (Thermo Fisher
Scientific) and CT values acquired. The relative expres-
sion of each target gene was calculated by the 274CT
method and was normalised to ribosomal 18s expression.

Statistics

Data is presented as median + interquartile range (IQR),
unless otherwise specified. Since lung disease can be
patchy and irregular, and flow cytometry data can be
variable, an assumption was made that the data was not
normally distributed, and additionally, in some cases,
sample sizes were small, so nonparametric tests were
used for statistical analyses. For morphometric and
goblet cell analyses, investigators were blinded to
experimental groups during analyses. For bone marrow
chimera experiments, mice were randomly assigned to
be either donors or recipients. Sizes of experimental
groups were based on power calculations. In general, we
used at least 5 mice per group based on an 80% confi-
dence of detecting a 10% difference between means
where the standard deviation was 20% of the mean.
Where the standard deviation was determined to be
greater (15% difference between means) we used 10
mice per group. Samples were collected across multiple
experiments and study endpoints. Where multiple ex-
periments were performed to achieve the correct sample
size, the data was pooled, summed and expressed as
median + IQR as a robust measure of central tendency
and spread. The ROUT outlier method (GraphPad
Prism Software version 9.0.1, Boston, MA, USA) was
used to detect outliers in the data, and a few qPCR and
flow cytometry data points were excluded from the
dataset on this basis. Other exclusions included samples
where BAL was not satisfactorily retrieved, and flow
cytometry samples where staining was not successful.
For comparisons of two groups, the non-parametric
Mann-Whitney U test was used, and for three or more
groups, Kruskal-Wallis test with Dunn’s post-test was
used. Analyses were performed using GraphPad Prism
software. Significance is shown by asterisks, with P-value
<0.05 considered significant. All statistical data is pre-
sented in Supplementary File 1 under tabs corresponding
to each figure. Supplementary File 1 also includes in-
formation on the numbers of mice used in the individual
components of the study (numbers of mice analysed),
together with information on the sex distribution of the
mice analysed (sex of mice analysed). The mouse
numbers analysed are also indicated in each of the figure
legends and in the figure panels, and each data point
represents a single mouse.

Role of funders

Funders had no role in the study design, data collection,
analysis and interpretation, nor in the writing of this
manuscript.


http://www.thelancet.com

Articles

Results

Hck™F mice exhibit increased goblet cell numbers in
large airways and emphysema

We have previously reported that adult Hck™* mice
develop lung inflammation and increased numbers of
mucus-producing goblet cells in conducting airways."
To further understand the genesis of this phenotype,
we examined the lungs of juvenile and young adult mice
(Fig. 1a and b). Quantification of AB/PAS-stained lung
tissue cross-sections showed a marked increase in
goblet cell numbers in the large conducting airways of 4-
wk-old Hck™F mice (Fig. 1c left panel, P < 0.01, Mann—
Whitney U test), which persisted in the large airways of
older mice (Fig. 1c right panel, P < 0.01, Mann—Whitney
U test). Goblet cells were not apparent in small airways
of Hck™F mice of any age.

Gene expression analyses revealed that the mucin
genes Muc5ac, Muc5b and Mucl were significantly
increased in the lungs of 4-wk-old Hck"* mice (Fig. 1d
left panel, P < 0.01 for Muc5ac and Muc5b, P < 0.05 for
Mucl, Mann-Whitney U test), consistent with the
presence of increased goblet cells, while upregulated
Muc5ac and Mucl persisted at 12 weeks of age (Fig. 1d
right panel, P < 0.05 for Muc5a, P < 0.01 for Mucl,
Mann-Whitney U test). Thus, Hck™" mice develop
sustained mucus overproduction, which is a trait
consistently associated with disease morbidity and lung
function decline in COPD.’> Consistent with clinical
findings linking mucus overproduction to a more
aggressive disease course,”” histopathology showed lung
tissue damage (Fig. le) and morphometric analyses
demonstrated significantly enlarged alveolar airspaces
in 12-wk-old Hck™" mice (P < 0.01, Mann-Whitney U
test) relative to 4-wk-old mice (Fig. 1f, P = 0.3434,
Mann-Whitney U test). Inflammatory cell infiltration
into the lungs was also evident in both 4- and 12-wk-old
Hck"* mice (Fig. 1e).

Hck™F mice exhibit myeloid-rich lung inflammation
To investigate the cellular landscape in the inflamed
lung, immune cells from 4- to 12-wk-old mice were
examined by cytology (Fig. 2a), flow cytometry of BAL
(Supplementary  Figure S1), and lung tissue
(Supplementary Figure S2). BAL cytospins prepared
from 4- and 12-wk-old control mice contained only small
alveolar macrophages, with quiescent morphology,
typical of uninflamed lungs (Fig. 2a). Contrastingly,
alveolar macrophages from matched Hck™/F mice
were enlarged and vacuolated, consistent with activa-
tion, and the BAL contained other immune cells
(Fig. 2a), particularly neutrophils, which are linked
with mucus hypersecretion and glucocorticosteroid
unresponsiveness,* and eosinophils, which are asso-
ciated with more frequent COPD exacerbations.”” BAL
cell counts were significantly elevated in 4-wk-old
Hck™" mice (Fig. 2b top panel, P < 0.0001, Mann—
Whitney U test), demonstrating early-onset

pulmonary inflammation, and remained elevated in
12-wk-old Hck™* mice (Fig. 2b bottom panel,
P < 0.0001, Mann-Whitney U test).

Flow cytometry of BAL revealed that 4-wk-old
C57BL/6 mice had >99% CD45"CD11c" alveolar mac-
rophages while Hck™/" mice had a high proportion of
CD45*CD11c™ cells (Fig. 2¢). Further analyses revealed
that Hck™" mice had markedly increased numbers of
myeloid and lymphoid cells in BAL (Fig. 2d, P < 0.01 for
alveolar macrophages, monocytes, neutrophils, eosin-
ophils, CD4" and CD8" T cells, Mann-Whitney U test).
Myeloid cells were also increased in lung tissue
(Fig. 2e, P < 0.001 for alveolar macrophages, P = 0.095
for neutrophils and P < 0.0001 for eosinophils, Mann—
Whitney U test), while CD4" and CD8" T cells were not
expanded (Fig. 2e, P > 0.1, Mann-Whitney U test).
Similarly enhanced myeloid-rich inflammation in the
BAL (P < 0.01 for alveolar macrophages, neutrophils
and eosinophils, Mann-Whitney U test) and lungs
(P < 0.05 for alveolar macrophages, P < 0.01 for neu-
trophils and P < 0.0001 for eosinophils, Mann-
Whitney U test) was noted in 12-wk-old Hck™* mice
(Fig. 2b and Supplementary Figure S3).

Gene expression analyses revealed that Csf3, which
encodes the neutrophil growth and survival factor G-
CSF'%; the gene encoding IL-17A (Il17a), a pro-
inflammatory cytokine upstream of G-CSF*; and the
gene encoding IL-6 (Il6), which stimulates mucus
production through an IL-17 axis,* were upregulated in
4-wk-old Hck™* lung, correlating with neutrophilic
inflammation (Fig. 2f, P < 0.05, Mann—Whitney U
test). Expression of Mmpl2, which encodes macro-
phage metalloelastase directly linked to human
emphysema,*? was mildly increased in 4-wk-old Hck"/*
mice (Fig. 2f, P < 0.05, Mann-Whitney U test), but
markedly upregulated in 12-wk-old Hck™" mice
(Fig. 2f, P < 0.0001, Mann—-Whitney U test), correlating
with the appearance of emphysema (Fig. le). When
male and female mice were examined to determine if
there was a sex bias in disease, no major sex differ-
ences in pulmonary inflammation or lung disease
traits were noted (Supplementary Figure S4).

Since steroids are widely used to treat inflammatory
lung diseases, the effect of corticosteroid treatment on
lung inflammation in Hck™* mice was assessed.
Administration of high-dose 2 mg/kg dexamethasone
(Dex) daily for 4-weeks suppressed numbers of B and
T lymphocytes in the spleen of Hck™/F mice (Fig. 2g,
P < 0.01 for B cells, P < 0.05 for T cells, Mann—
Whitney U test), consistent with attaining pharmaco-
dynamically effective systemic levels of glucocorticos-
teroid. However, dexamethasone had no effect on
numbers of alveolar macrophages (P = 0.7302, Mann—
Whitney U test) or inflammatory neutrophils in BAL
(P =0.1111, Mann-Whitney U test), and strikingly, it
did not reduce numbers of eosinophils (P = 0.1429,
Mann-Whitney U test) or CD4" T cells (P = 0.1905,
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Fig. 1: Hck™" mice exhibit early-onset increases in goblet cells and lung tissue destruction. (a) Representative images of large airways of AB/
PAS-stained lung cross-sections in 4- and 12-wk-old mice depicting mucus-producing goblet cells (arrows) in large airways of Hck™" mice, scale
bars represent 50 pm, (b) enlarged image of an independent 4-week-old Hck™" mouse to highlight goblet cell morphology in conducting
airway, scale bar represents 50 pm; and, (c) quantitation of goblet cells per high power field (HPF) in large airways, n = 5 B6 and 6 FF mice per
group. (d) Lung gene expression analysis of Muc5ac, Muc5b and Muc1 in 4-wk-old mice (n = 7 B6 and 6 FF mice) and 12-wk-old mice (n =12 B6
and 17 FF mice). (e) Representative images of PAS/AB-stained lung cross-sections from 4- and 12-wk-old C57BL/6 and Hck™’" mice, scale bars
represent 50 pm; and, (f) quantification of alveolar airspace size by mean linear intercept in 4-wk-old mice (n = 5 B6 and 7 FF mice) and 12-wk-
old mice (n = 7 B6 and 16 FF mice). B6 = C57BL/6, FF = Hck™". Data presented as median « IQR. ns, not significant, *P < 0.05, **P < 0.01
(Mann-Whitney U test).

therapy, indicating that Hck™* mice are a model of
corticosteroid-insensitive obstructive airways disease.

Mann-Whitney U test) in BAL (Fig. 2g). Histopa-
thology of lung tissue confirmed that the increased
number of goblet cells in Hck™* mice was also
steroid-insensitive  (Supplementary  Figure  S5).
Collectively, these data show that constitutive HCK

HCK activity in haematopoietic cells drives lung
inflammation in Hck™F mice

activation promotes early-onset myeloid-rich lung
inflammation that is refractory to corticosteroid
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(Human Protein Atlas).” To determine the origin of
lung disease in Hck™F mice, BM chimeras were estab-
lished. BAL cell cytology revealed that chimeras gener-
ated by transplanting Hck™/F BM into recipient C57BL/6
mice (FF > B6) had inflammation in alveolar airspaces
similar to chimeras generated by transplantation of
Hck™F BM into recipient Hck™* mice (FF > FF)
(Fig. 3a), with elevated BAL cell counts compared to
B6 > B6 controls (Fig. 3b, P < 0.01 for FF > B6 and
P < 0.05 for FF > FF, Kruskal-Wallis test with Dunn’s
post-test). Chimeras generated by transplanting C57BL/
6 BM into recipient Hck"/F mice (B6 > FF) displayed
normal BAL cell counts (Fig. 3b); however, their alveolar
macrophages exhibited a slightly activated morphology
(Fig. 3a), likely due to a residual effect in the Hck"/*
recipient lung environment. Flow cytometry revealed
that the BAL of FF > B6 chimeras was inflamed like that
of FF > FF mice, with increases in alveolar macro-
phages, neutrophils, eosinophils and T cells compared
to B6 > B6 controls (P < 0.05 for alveolar macrophages,
P < 0.01 for neutrophils, P < 0.01 for eosinophils and
P < 0.05 for T cells, Kruskal-Wallis test with Dunn’s
post-test), while the BAL of B6 > FF chimeras contained
only alveolar macrophages like control B6 > B6 chi-
meras (Fig. 3c). This data indicates that constitutively
activated HCK within haematopoietic cells is sufficient
to induce myeloid-rich lung inflammation.

Histological assessment of the large airways revealed
that FF > B6 chimeras exhibited increased numbers of
goblet cells compared to B6 > B6 controls (Fig. 3d),
which was confirmed by quantitation (Fig. 3e, P < 0.01
Kruskal-Wallis test with Dunn’s post-test), with
numbers of goblet cells increased similarly to FF > FF
chimeras (Fig. 3e, P < 0.05, Kruskal-Wallis test with
Dunn’s post-test), indicating that this trait is driven by
Hck"/F BM. No changes in goblet cell numbers were
observed in B6 > FF chimeras, indicating its resolution
in the absence of Hck™" BM (Fig. 3d and e). Morpho-
metric measurements revealed that alveolar airspace
size in B6 > FF BM chimeras was similar to that of
control B6 > B6 chimeras (Fig. 3f). However, airspace
size was enlarged in FF > B6 chimeras compared to
B6 > B6 controls (Fig. 3f, P < 0.05, Kruskal-Wallis test
with Dunn’s post-test) and comparable to the increase
seen in FF > FF BM chimeras (Fig. 3f, P < 0.01,
Kruskal-Wallis test with Dunn’s post-test), demon-
strating that alveolar airspace damage is driven by Hck™/F

BM. These data reveal that HCK activity in haemato-
poietic cells gives rise to lung inflammation, emphysema,
and increased numbers of goblet cells.

Stromal-derived G-CSF promotes inflammation and
emphysema in Hck™'F mice but not goblet cell
changes

Since lung inflammation in Hck™F mice is highly
neutrophilic (Fig. 2d, P < 0.01, Mann—-Whitney U test)
and increased Csf3 was observed in lung tissue (Fig. 2f,
P < 0.05, Mann-Whitney U test), the source of G-CSF
was investigated using BM chimeras and Csf3™/~ mice
as recipients. Chimeras generated by transplanting
Hck*’F BM into Csf37/ recipients (FF > GKO) showed
that loss of stromal-derived G-CSF markedly limited
lung inflammation, with fewer inflammatory cells in
BAL cytospins (Fig. 4a) and lower BAL cell count
compared to chimeras where Hck™F BM was trans-
planted into C57BL/6 recipients (FF > B6) (Fig. 4b,
P < 0.01, Kruskal-Wallis test with Dunn’s post-test).
Flow cytometry of BAL revealed that FF > GKO chi-
meras had fewer alveolar macrophages, neutrophils and
eosinophils compared to FF > B6 chimeras (Fig. 4c,
P < 0.01 for alveolar macrophages, P < 0.05 for neu-
trophils and P = 0.0595 for eosinophils, Kruskal-Wallis
test with Dunn’s post-test), while CD3* T cell counts
remained elevated (Fig. 4c, P > 0.9999, Kruskal-Wallis
test with Dunn’s post-test). Screening of BAL fluid
showed that naive Hck™" mice had elevated protein
levels of CXCL2 (P < 0.01), 1L-6 (P < 0.01), MMP-9
(P < 0.01), G-CSF (P < 0.01), and IL-17A (P < 0.05),
compared to the BAL fluid from FF > GKO chimeras
(Fig. 4d, Mann—-Whitney U test).

The reduction of inflammatory cells and proteins in
the lungs of FF > GKO chimeras suggested that Hck™/*
BM was not capable of inducing inflammation and lung
disease in a G-CSF-deficient environment. This was
revealed by lung histopathology (Fig. 4e) and confirmed
by morphometry, which showed that while emphysema
was present in FF > B6 chimeras (Fig. 4f, P < 0.05,
Kruskal-Wallis test with Dunn’s post-test), emphysema
did not develop in FF > GKO chimeras (Fig. 4f,
P = 0.9512, Kruskal-Wallis test with Dunn’s post-test).
Despite less inflammation and emphysema in
FF > GKO chimeras, goblet cells were still present in the
large airways, albeit with a different mucus staining
pattern (Fig. 4g), and there were more goblet cells per

4-wk-old (n = 13 B6 and 15 FF mice) and 12-wk-old mice (n = 11 B6 and 9 FF mice). (c) Representative flow cytometry pseudocolour plots
depicting all viable CD45" cells in the BAL of 4-wk-old C57BL/6 and Hck™F mice. Flow cytometric quantitation of myeloid and lymphoid cells in
(d) BAL (n = 5 B6 and 6 FF mice) and (e) lung tissue (n = 17 B6 and 16 FF mice for alveolar macrophages and lymphoid cells, n = 9 B6 and 11 FF
mice for neutrophils and eosinophils) from 4-wk-old mice; AMF, alveolar macrophages; Mono, monocytes; Neut, neutrophils; Eos, eosinophils.
(f) Inflammatory gene expression in lung tissue of 4-wk-old mice (n = 7 B6 and 4-6 FF mice); Mmp12 expression in 4-wk-old (n =7 B6 and 6 FF
mice) and 12-wk-old mice (n = 12 B6 and 16 FF mice). (g) Hck™" mice were treated for 4 weeks with PBS (n = 3-4) or 2 mg/kg dexamethasone
(Dex) (n = 8) and corticosteroid sensitivity was assessed by analysis of cell populations in spleen (n = 7-8) and BAL (n = 5) by flow cytometry.
B6 = C57BL/6, FF = Hck™". Data presented as median = IQR. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Mann-

Whitney U test).
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high power field compared to control (Fig. 4h, P < 0.05,
Kruskal-Wallis test with Dunn’s post-test). Overall, this
indicates that non-haematopoietic cell-derived G-CSF is
essential for the development of lung inflammation and
emphysema but not goblet cell changes in Hck™F mice.
This also suggests that the haematopoietic compartment
of Hck™/F mice is not the source of G-CSF, and instead
is likely produced by lung stroma.

Hck™F mice exhibit an expansion of activated T
cells in BAL where HCK is expressed in yd T cells but
not conventional T cells

To further dissect the pulmonary inflammation in
Hck™F mice, the lymphocyte compartment of the BAL
was examined. Alongside an expansion of myeloid cells
in BAL (Fig. 2d, P < 0.01, Mann—-Whitney U test), the
inflammation included B cells (P < 0.0001), CD4+ T
cells (P < 0.001), CD8+ T cells (P < 0.0001), NK cells
(P <0.01), and y8 T cells (P < 0.0001) (Fig. 5a, Mann—
Whitney U test), with y8 T cells being defined as
CD3" with a y8 T cell receptor (TCR). Further exami-
nation of BAL T cells revealed that y& T cells were
significantly activated in Hck™F mice, as indicated by an
increased number of CD44*CD62L" effector memory
(EM) T cells relative to naive T cells (Fig. 5b, P < 0.05,
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Kruskal-Wallis test with Dunn’s post-test). Thus,
constitutive activation of HCK in mice results in not
only activation of myeloid cells,” but also innate and
adaptive lymphocytes, which suggests a broader role for
HCK, and a possible role in T cell function.

HCK is expressed in myeloid cells and to a lesser
extent in B lymphocytes but not T cells,** so finding
increased numbers of conventional and unconven-
tional T cells in the inflamed lung of Hck*/* mice
prompted an in-depth examination of Hck expression
in the T cell compartment. Quantitative PCR (qPCR)
revealed that Hck was poorly detected in FACS-sorted
conventional CD4" or CD8" T cells from C57BL/6
mouse spleen but was expressed in y8 T cells; however,
at a lower level compared to mouse splenic B cells
(Fig. 5¢).

¥8 T cell development is unaltered in Hck™F mice

To determine if the expansion of y8 T cells in the lungs
of Hck™* mice correlated with altered T cell develop-
ment, thymuses from 4-wk-old mice were examined by
flow cytometry (Supplementary Figure S6a). No differ-
ences in numbers of double-negative (DN), double-
positive, CD4+ or CD8+ thymocytes were observed in

4-wkold Hck™  mice compared to control
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Fig. 5: 8 T cells are abundant in the BAL of Hck™’" mice and have an effector-memory phenotype. (a) Flow cytometric quantification of the
indicated lymphoid cells in BAL from 12-wk-old C57BL/6 (B6) and Hck™" (FF) mice, n = 9 B6 and 8 FF mice per group from 2 experiments,
except for NK cell analyses, where n = 5 per group from one experiment. (b) Numbers of CD44 CD62L" naive (Thaive), CD44°CD62L" central
memory (Tey) and CD44CD62L effector memory (Tey) CD4*, CD8* and y3 T cells in the BAL of Hck™’F mice through CD62L vs CD44 gating,
n = 8 mice/group from 2 independent experiments. Data presented as median + IQR, ns = not significant; *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001 (Mann-Whitney U test for a and Kruskal-Wallis test with Dunn’s post-test for b). (c) Gene expression by qPCR of Hck in sorted
CD8+ T cells, CD4+ T cells, B220+ B cells and y8TCR + T cells from C57BL/6 mouse spleen. Fold change was calculated relative to Rn18s. Three
independent experiments were conducted and the data in each was normalised by expressing the fold difference relative to mouse yd T cells;

pooled data presented as mean + SEM.
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Fig. 6: v8 T cells in BAL of Hck™ mice are skewed towards IL-17A production. (a) Representative pseudocolour plots of RORyt staining of
CD4* and CD8" T cells in BAL from Hck™" mice, with FMO control. (b) Representative pseudocolour plots of RORyt staining of y5 T cells in BAL
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(Supplementary Figure S6b, P > 0.1, Mann-Whitney U
test). Furthermore, there were no differences in
numbers of DN1-4, DN3a-c or DN4a-b thymocytes
(P > 0.1, Mann-Whitney U test); however, there was a
small but statistically significant increase in number of
DN4c thymocytes in Hck™/* mice (Supplementary
Figure S6c, P = 0.0435, Mann-Whitney U test).
Numbers of y§TCR-expressing DN1-4 thymocytes were
not different between CS57BL/6 and Hck™F mice
(Supplementary Figure S6d, P > 0.1, Mann-Whitney U
test), and there were no differences in y§TCR-express-
ing DN3a-c and DN4a-c thymocytes (Hsu AT, unpub-
lished). As yd T cells emerge from the DN stage, this
indicates that HCK is unlikely to be involved in y8 T cell
development. Although CD3°™ and CD3™&" y§ T cells
were clearly evident in BAL (Supplementary Figure S1)
and lung tissue samples (Supplementary Figure S2), in
the thymus, CD3"" and CD3"&" cells could not be
distinguished as there was only one distinct CD3"
population (Supplementary Figure S6a).

¥8 T cells are a major source of IL-17A in Hck™/*
lungs

Since IL-17A mediates neutrophilic inflammation,* is
upstream of G-CSF,* and was present in the lungs of
Csf3™/~ mice reconstituted with Hck™" BM (Fig. 4d), the
cellular source of IL-17A was assessed. Staining for the
transcription factor RORyt as a marker for IL-17A-
producing cells* showed that conventional CD4" and
CD8" T cells were largely RORyt™ (Fig. 6a) while a
notable percentage of v& T cells in Hck™/" BAL were
RORyt"™ (~37%) (Fig. 6b). Quantification of cell
numbers revealed significantly more RORyt" y8 T cells
(y8T17 cells) than RORyt" conventional T cells in Hck™
¥ BAL (Fig. 6¢, P < 0.01, Kruskal-Wallis test). Ex-vivo
stimulation of Hck™/" BAL cells with PMA and ion-
omycin showed that the majority of IL-17A was pro-
duced by y8 T cells, rather than CD4" and CD8" T cells
(Fig. 6d and e), which was confirmed by quantification
(Fig. 6f, P < 0.001, Kruskal-Wallis test). Additionally,
dexamethasone treatment revealed that the yd T cells in
the BAL of Hck™" mice were steroid-insensitive, with
numbers unchanged (Supplementary Figure S7,
P = 0.7302, Mann-Whitney U test). This suggests that
vd T cells, via IL-17A production, are drivers of lung
disease in Hck"™/F mice.

Splenic y8 T cells in Hck™F mice are skewed towards
IL-17A production

As y8T17 cells were expanded in BAL and implicated in
the lung disease of Hck™" mice, their responsiveness
was assessed. Spleen was used as a source of y8 T cells
(Supplementary Figure S8a), since they were not pre-
sent in the BAL of C57BL/6 mice (Fig. 5a). Studies
firstly showed that Hck™F spleen was not obviously
inflamed (Fig. 6g, P = 0.6482, Mann—-Whitney U test)
(Supplementary Figure S8b, c), there were no differ-
ences in the numbers of yd T cells in the spleen of
Hck™/¥ mice compared to C57BL/6 controls (Fig. 6h,
P = 0.3758, Mann—-Whitney U test), and numbers of
splenic naive (P = 0.6049), central memory (P = 0.2839)
and effector memory (P = 0.4100) y8 T cells were similar
(Supplementary Figure S8d, Mann—-Whitney U test). In
response to PMA and ionomycin stimulation, splenic y8
T cells from both C57BL/6 and Hck™F mice were
induced to produce either IL-17A or IFN-y, but inter-
estingly, Hck™/F mice displayed a higher percentage of
¥ T cells producing IL-17A compared to control mice
(P < 0.001, Mann—Whitney U test, Fig. 6i and j). This
suggests that constitutive activation of HCK signalling
in y8 T cells skews their responsiveness towards IL-17A
production.

The Vy6Vd1 subset is increased in the lungs of
HckF/F mice

The TCR usage of y5 T cells correlates with their local-
isation and cytokine production.”’ To examine the TCR
usage of the pulmonary y6 T cells in Hck™" mice,
CD3"M¢" and CD3"" y8 T cells were sorted as single cells
from digested lung tissue (Supplementary Figure S2)
and spleen (Supplementary Figure S8a) of C57BL/6 and
Hck"’F mice, and their TCR usage determined by single
cell sequencing of the y8 TCR (Table 1, Supplementary
Table S4). The CD3"8" population, present in C57BL/6
mice and enriched in the lungs of Hck™* mice, were
exclusively the invariant TRGV6-TRDV4/Vy6V81™ sub-
set (Table 1). In contrast, the CD3"" y8 T cells in the
lung had several invariant TCRs; however, Vy6Vd1*
were more frequent in Hck"™/* mice (70.5%) compared
with C57BL/6 mice (31.25%) (Table 1). The remaining
lung v8 T cell CD3™" subsets were all TRGV4/Vy4*
expressing cells, with either TRDV2-2/V84" or TRDV5/
V85" chains (Table 1).** Although no Vy6V81* cells were

from Hck™ mice, with FMO control. (c) Quantification of RORyt-expressing cells in BAL of 4-wk-old Hck™" mice, n = 6/group. (d) Repre-
sentative pseudocolour plots depicting IL-17A staining of BAL from Hck™" mice, stimulated for 4 h with PMA/ionomycin. CD45"CD11c"CD11b"
cells were gated and assessed for CD3", CD4", CD8" and y8TCR" cells. (e) Representative pseudocolour plots depicting IL-17A staining of y8 T
cells in BAL from Hck™F mice, stimulated with PMA/ionomycin, or vehicle. (f) Quantification of IL-17A-expressing cells in stimulated BAL from
6-wk-old Hck™F mice, n = 5 mice/group. (g) Spleen weight (SW) as a proportion of body weight (BW) and (h) quantification of y8 T cells in the
spleen of 12-wk-old mice by flow cytometry, (n = 10 B6 and 13 FF mice). (i) Proportion of IL-17A" and IFN-y* y8 T cells in spleen after 4 h
stimulation with PMA/ionomycin (n = 8 B6 and 7 FF). (j) Representative flow cytometry contour plots of IL-17A and IFN-y staining of PMA/
ionomycin stimulated splenic y8 T cells, with vehicle stimulated splenic 8 T cells shown as control. Data presented as median + IQR. n = not
significant; *P < 0.05, **P < 0.01, ***P < 0.001 (Mann-Whitney U test for g-i, and Kruskal-Wallis test with Dunn’s post-test for c and f).
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D3 TRDV CDR3d TRD) TRGV CDR3y TRG) Frequency
C57BL/6 lung
High 4 CGSDIGGSSWDTRQMFF 2 6 CACWDSSGFHKVF 1 21/21
Low 2-2 CALMEIWLPYRRDTNKLVF 1 - 1/16
2-2 CALMERGIRATDKLVF 1 - 1/16
4 CGSDIGGIRATDKLVF 1 6 CACWDSSGFHKVF 1 5/16
5 CASGYIGGMSTDKLVF 1 4 CSYGLYSSGFHKVF 1 1/16
5 CASGYIGGIRATDKVVF 1 - 5/16
- 4 CSYGLYSSGFHKVF 1 3/16
HckF/F lung
High 4 CGSDIGGSSWDTRQMFF 2 6 CACWDSSGFHKVF 1 23/23
Low 4 CGSDIGGSSWDTRQMFF 2 6 CACWDSSGFHKVF 1 12/17
5 CASGSGGIRATDKLVF 1 4 CSYGYSSGFHKVF 1 1/17
5 CASGIGGIRADKLVF 1 - 1/17
5 CASGYIGGIRADKLVF 1 1/17
5 CASGYIGGIRATDKLVF 1 - 1/17
- 4 CSYGFYSSGFHKVF 1 1/17
“TRDV, TCR & variable segment; CDR38, TCR 8 complementarity-determining region 3; TRD), TCR & junction segment; TRGV, TCR y variable segment; CDR3y, TCR y
complementarity-determining region 3; TRGJ, TCR vy junction segment. Sequences in red represent the invariant TRGV6-TRDV4/Vy6V81 TCR; - represents not determined.
Table 1: TCR usage of CD3"9" and CD3"°" & T cells in lung of C57BL/6 and Hck™ mice.”

detected in the spleen of C57BL/6 mice, they were
present, albeit infrequently, in Hck™" spleen in the
CD3M&" population, while the spleen of both C57BL/6
and Hck™* mice had mainly TRGV1/Vy1*, TRGV2/
Vy2"© and TRGV4/Vy4" subsets (Supplementary
Table S4). Thus, the Vy6V81* subset is preferentially
expanded in the lungs of Hck™" mice. Vy6V81* cells
were also detected at a lower frequency in the spleen of
Hck"/* mice but not C57BL/6 mice.

Deficiency of y8 T cells does not alter IL-17A
production or lung disease in Hck™F mice

To determine if y8T17 cells were the primary initiators
of lung disease in Hck™* mice, double mutant Hck"/
FTcrd”~ mice were generated, with flow cytometry
confirming that yd T cells were absent (Supplementary
Figure S9a). Upon phenotyping of Hck*/*Tcerd™~
mice, it was apparent that the absence of y8T cells did
not attenuate lung disease. Goblet cells were clearly
present in the conducting airways of 4-wk-old Hck"/
FTcrd™™ mice (Fig. 7a), with numbers increased simi-
larly to Hck™F mice (Fig. 7b, P < 0.05, Kruskal-Wallis
test with Dunn’s post-test), and elevated Muc5ac and
Muc5b gene expression was evident in lung tissue
(Fig. 7¢, P < 0.05, Kruskal-Wallis test with Dunn’s post-
test). The lungs of 12-wk-old Hck"/FTcrd™~ mice were
obviously inflamed and emphysematous (Fig. 7d), and
morphometry showed that the airspaces of Hck"/
FTcrd™~ mice were enlarged like those in Hck™® mice
(Fig. 7e, P < 0.001, Kruskal-Wallis test with Dunn’s
post-test). Moreover, deletion of y& T cells in Hck™F
mice did not reduce lung gene expression of Csf3 or
Il117a (Fig. 7f, P < 0.05, Mann—Whitney U test). Lastly,
Hck* " Terd ™ mice exhibited lung inflammation with
inflammatory cells in BAL (Fig. 7g), and BAL cell counts
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were elevated similarly to Hck™® mice (Fig. 7h,
P <0.0001 for 4-wk-old mice and P < 0.001 for 12-wk-old
mice, Kruskal-Wallis test with Dunn’s post-test). Un-
abated inflaimmation was also observed in 4-wk-old
Hck*FTerd 7~ mice, with increases in immune cells in
BAL (Supplementary Figure S9b, P < 0.001 for neutro-
phils, P < 0.01 for monocytes, CD4 T cells and CD8 T
cells, Kruskal-Wallis test with Dunn’s post-test) and
myeloid cells in lung tissue (Supplementary Figure S9c,
P < 0.0001 for alveolar macrophages, P < 0.01 for neu-
trophils and eosinophils, Kruskal-Wallis test with
Dunn’s post-test). Thus, deletion of y8 T cells in Hck/*
mice did not alter their lung disease and did not induce
the loss of IL-17A, suggesting another cellular source of
IL-17A in these y3 T cell-deficient mice.

Lung MAIT17 cells are markedly expanded in

Hck FTerd ™ mice

Since Hck™/F mice lacking y8 T cells retained IL-17A
expression, alternative IL-17A-producing cells were
considered, including group 3 innate lymphoid cells
(ILC), MAIT cells and NKT cells. Staining for RORyt*
cells in BAL revealed an absence of RORyt" CD4" and
CD8* T cells, indicating that these subsets did not
contribute to IL-17A production in Hck™*Tcrd ™/~ mice
(Supplementary Figure S9d). Flow cytometry of cells
from digested lung tissue showed that lineage™ CD127*
ILC1, ILC2 and ILC3 cells were similarly present in the
lungs of all mice (Fig. 8a). However, there was a marked
increase in CD3* cells expressing RORyt in Hck"/
FTcrd /™ mice, indicating that a subset of IL-17A-
producing T cells are engendered in the absence of y8
T cells (Fig. 8a, P < 0.01, Kruskal-Wallis test with
Dunn’s post-test). Staining lung tissue digests using
CD1d-a-GalCer tetramers showed no differences in
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Fig. 7: Deletion of y8 T cells in Hck™F mice does not reduce lung disease or inflammation. (a) Representative images of AB/PAS-stained lung
cross-sections from 4-wk-old C57BL/6 (B6), Hk™F (FF), Terd™”™ and Hck™ Terd ™~ (DM) mice depicting large airways and mucus-producing
goblet cells (arrows), scale bars represent 50 pm; and, (b) corresponding quantitation of goblet cells (n = 5 B6, 6 FF and 6 DM). (c) Gene
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numbers of NKT cells (Fig. 8b and c). However, staining
with MR1-5-OP-RU tetramers revealed that MAIT cells
were markedly expanded in the lungs of Hck™/*Tcrd ™/~
mice (P < 0.0001, Kruskal-Wallis test with Dunn’s post-
test), and to a lesser extent in Tcrd™”~ mice (P < 0.05,
Kruskal-Wallis test with Dunn’s post-test), and were
notably lower in frequency and number in the lung
tissue of C57BL/6 and Hck™F mice (Fig. 8b and d).
MAIT cells in Hck™/FTcrd™~ BAL were predominantly
RORyt", indicative of their capacity to produce IL-17A
(Fig. 8e), and a higher number of RORyt" MAIT
(MAIT17) cells were present in Hck"/"Tcrd”/~ BAL
relative to Hck™/® BAL (Fig. 8f, P < 0.01, Mann—Whitney
U test). Thus, deficiency of y8 T cells induces a niche-
filling effect, leading to the compensatory expansion of
RORyt" MAIT17 cells in the lungs of Hck"/"Tcrd™/~
mice.

IL-17A drives lung disease in Hck™/F mice

The role of IL-17A in lung disease was next investigated
by generating Hck™/F1117a™/~ mice. Lung histopathology
showed that goblet cell numbers were attenuated in
Hck™/F1117a~ mice (Fig. 9a), with goblet cells infre-
quently observed and numbers comparable to control
mice (Fig. 9b, P > 0.9999, Kruskal-Wallis test with
Dunn’s post-test). Age-dependent emphysema (Fig. 9c)
was abrogated in Hck™/F1117a”/~ mice (Fig. 9d,
P = 0.7043, Kruskal-Wallis test with Dunn’s post-test)
and lung inflammation was markedly reduced in
Hck™/F1117a™/~ mice (Fig. 9e, P =0.1256, Kruskal-Wallis
test with Dunn’s post-test), with numbers of neutro-
phils, eosinophils and y8 T cells in BAL not significantly
different compared to C57BL/6 control mice (Fig. 91,
P > 0.1, Kruskal-Wallis test with Dunn’s post-test),
indicating that IL-17A underlies the development of
both. Collectively, these data establish that dysregulated
IL-17A production underlies lung disease development
in Hck™F mice, driving both mucus overproduction and
emphysema, and implicates HCK as a regulator of IL-
17A-driven lung pathologies. Furthermore, these
studies suggest that yd T cells and MAIT cells are a key
source of IL-17 that may precipitate this disease.

Discussion

In this study, we have probed fundamental mechanisms
of obstructive lung disease, placing HCK at the apex of a
nexus between an IL-17A/G-CSF/granulocyte axis; a

reciprocal niche dynamic between yd T cells and MAIT
cells; and the interplay of the lung stromal and myeloid
cell compartments in inflammation, goblet cell hyper-
plasia/metaplasia, and tissue destruction (Fig. 10). As
we have investigated the unfolding of disease, our study
provides molecular ontological insights into early dis-
ease susceptibility determinants and suggests that tar-
geting HCK may ameliorate COPD pathogenesis and its
progression by ‘upstream’ regulation of multiple
effector pathways, both in established COPD and the
emerging category of pre-COPD.

Primary mutations in HCK are infrequent in COPD
but HCK is a nodal convergence point in multiple
pathways implicated in its pathogenesis. We propose
that in chronic lung disease, HCK, via IL-17A, drives G-
CSF, which supports the development of BM myeloid
cells, stimulates their activation, and promotes their
survival in lung tissue where they sustain inflammation,
leading to lung tissue destruction. G-CSF levels are
elevated in smokers and smokers with COPD, and ge-
netic variation in G-CSF is associated with lung function
impairment in smokers.” We have recently demon-
strated that G-CSF is a critical mediator of COPD and its
complex comorbidities in an independent experimental
model"’; however, it is clear that G-CSF is implicated in
multiple lung diseases including acute respiratory
distress syndrome,” idiopathic pulmonary fibrosis,”
acute chest syndrome,** severe asthma,” and broncho-
pulmonary dysplasia.”

Notwithstanding that G-CSF promotes neutrophil
activity,” and neutrophil elastase is a potent stimulator
of mucus production and secretion,’® BM chimeras
revealed that G-CSF deficiency in the lung stromal
compartment did not ablate increased goblet cell
numbers, while deletion of IL-17A, the upstream
inducer of G-CSF,* resulted in a loss of all lung disease
traits. IL-17A is a potent driver of mucus meta-
plasia,”**** and blocking IL-17A reduces disease in
multiple COPD models.”** To date, small and unstrat-
ified trials targeting IL-17A in COPD have not been
successful.”” Our data suggests that targeting IL-17A
and/or cellular sources of IL-17A could be reconsid-
ered for COPD treatment if patients exhibited an “HCK
endotype” that might include an IL-17A inflammatory
signature, G-CSF upregulation, and mucus plugging.
Moreover, this approach may also be successful in early
or pre-COPD with this underlying signature. In Hck"/*
mice, lung inflammation—including eosinophilia—was

expression of Muc5ac, Muc5b and Mucl in whole lung tissue of the indicated groups of 4-wk-old mice (n = 7 B6, 6 FF and 6 DM). (d)
Representative images of AB/PAS-stained lung cross-sections from the indicated groups of 12-wk-old mice, scale bars represent 200 pm; and,
(e) corresponding quantitation of alveolar airspace size (n = 7 B6, 16 FF and 8 DM). (f) Gene expression of ll17a and Csf3 in whole lung tissue of
the indicated groups of 4-wk-old mice (n = 7 B6 and 6 DM). (g) Morphological analysis of BAL cells from the indicated 12-wk-old mice; scale
bars represent 50 pm. (h) BAL cell counts from the indicated groups of 4-wk-old mice (n = 13 B6, 15 FF and 14 DM) and 12-wk-old mice (n = 11
B6, 9 FF and 13 DM). Data presented as median + IQR. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Kruskal-Wallis

test with Dunn’s post-test).
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Fig. 8: Deficiency of ¥ T cells in Hck™F mice results in expansion of pulmonary MAIT cells. Quantification of (a) ILC1, ILC2, ILC3, and
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glucocorticoid-insensitive, and this finding is supported
by the poor steroid response of a patient with early-onset
respiratory disease that harboured an activating muta-
tion in HCK." A very diverse range of steroid molecules
are used by multiple routes (inhalation alone or in
combination therapy, orally, parenteral injection) in the
clinical management of COPD. Dexamethasone was
used in our study because it is clinically relevant and has
excellent systemic and lung bioavailability after intra-
peritoneal administration in mice. Interestingly, eosin-
ophilic inflammation, which is found in about one-third
of patients with COPD, is a biomarker of possible
glucocorticoid responsiveness.” However, it is not the
number of eosinophils, but rather their reduction after
steroids that is the most informative biomarker, as
many patients have steroid-refractory/insensitive eosin-
ophilia. This reduced response to steroids is of consid-
erable clinical interest and it is possible that our Hck™/*
model may provide additional insights into underlying
mechanisms in future studies.

Originally thought to be myeloid and B cell-spe-
cific**; we now formally show that Hck is also
expressed in mouse yd T cells but not conventional T
cells. This finding is supported by published datasets
from the Immunological Genome Project which reveal
that Hck is expressed at low levels in splenic y8 T cells
but not conventional aff T cells in mice (Supplementary
Figure $10)." We probed this and found that in Hck"/*
mice, y8 T cells become pathogenic and contribute to
lung disease. This is almost certainly via constitutive
activation of HCK signalling, which likely heightens
their responsiveness, alters their cytokine program-
ming, and induces them to expand locally. Expansion of
8 T cells in the lungs of Hck™/F mice could be driven in
response to specific signals that trigger the HCK sig-
nalling pathway, which is already primed for respon-
siveness by the gain-of-function mutation.”
Furthermore, activated y8 T cells are known to pro-
duce chemokines,” which may also contribute to pul-
monary inflammation in Hck™" mice. It is well known
that the specific type of TCR used by y8 T cells correlates
both with their localisation and cytokine production.
Vy6Vdl-expressing yd T cells are commonly repre-
sented in the lung” and they predominantly produce IL-
17A.%* Furthermore, y8 T cells with high expression of
CD3 are linked to IL-17A production.* The expanded
population of pulmonary y8 T cells in Hck™/F mice were
Vy6V51-expressing and CD3"", they expressed the
transcription factor RORyt, indicative of their capacity to

produce IL-17A, and moreover, upon ex vivo stimula-
tion, they were skewed towards IL-17A production.
Collectively, these features strongly suggest that they are
y8T17 cells. Mouse lung y8T17 cells are increased by
cigarette smoke-exposure, driving macrophage inflam-
mation,*” and furthermore, y8T17 cells contribute to
elastase-induced emphysema in mice.* However, there
is currently little evidence that y8 T cells themselves
drive IL-17A production and disease in COPD. In fact,
v T cells may be protective,” and yd T cell numbers are
reportedly reduced in patients with COPD.® Thus,
other IL-17A-producing cells, such as conventional
CD4" and CD8" T cells, which are abundant in the
COPD lung,**” and MAIT cells,”" may play a greater
role in disease progression in COPD.

Global deletion of y8 T cells in Hck™F mice led to
marked expansion of pulmonary MAIT17 cells. This
finding is supported by recent reports of the compen-
satory increase of thymic and peripheral MAIT cells
following deletion of either or both y8 T cells and NKT
cells.’”?”> The pronounced increase of MAIT cells in
Hck " Terd ™/~ mice indicates this effect is compounded
in a lung disease setting. HCK is also expressed in
MAIT cells, particularly human blood MAIT cells
(Supplementary Figure S10),° suggesting that HCK
signalling may also be involved in MAIT cell activation,
driving their expansion in the absence of y8 T cells in
Hck*"Terd™~ mice to fill an immunological niche.
Pulmonary MAIT17 cells, similar to RORyt"
NKT17 cells and y8T17 cells, can respond to analogous
stimuli to elicit IL-17A-mediated protection against
respiratory infections.”* In the absence of y§ T cells,
MAIT cells likely respond and expand to similar envi-
ronmental signals as y8 T cells through HCK signalling.
The reason for this restrained response when yd T cells
are present is not clear, yet suggests a delicate balance of
niche dynamics between these unconventional T cells in
the lung. Our findings support an exquisite redundancy
between distinct cellular sources of IL-17A, i.e. y8 T cells
and MAIT cells, providing an important insight into
how targeting one cell type may elicit a compensatory
response from another.

Our study has strengths and limitations which
should be stated. A strength is that our mouse genetic
model shows an amplified and accelerated phenotype;
however, this is also a translational caveat, also pre-
senting a limitation. It will be of great interest, and
essential, to now study clinical correlations and new
HCK endotypes. Goblet cells, which are sparse in the

cytometric quantitation of NKT cells in lung tissue digests of 12-wk-old mice (n = 5 B6, 5 FF, 4 Terd - (8-/-) and 6 DM), and (d) flow
cytometric quantitation of MAIT cells in lung tissue digests of 12-wk-old mice, n = 8 mice/group. (e) Representative flow cytometry pseu-
docolour plots of BAL cells from Hck/ Terd™~ mice gated on MAIT cells and examined for RORyt staining, with FMO control. (f) Flow
cytometric quantitation of RORyt * MAIT cells in BAL of Hck™’F mice (n = 6) and Hck™FTerd ™~ mice (n = 4). Data presented as median + IQR. ns,
not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Kruskal-Wallis test with Dunn’s post-test for a, c and d, and Mann-Whitney
U test for f). In (d), ##P < 0.01 comparing Tard™™ (8-/-) and HkPFTerd™”™ mice (Mann-Whitney U test).
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Fig. 9: IL-17A drives lung inflammation, emphysema and goblet cell changes in Hck™F mice. (a) Representative AB/PAS-stained lung
cross-sections from 6-wk-old C57BL/6 (B6), Hck™" (FF) and Hck™Il17a™~ (FF17a”") mice depicting mucus-producing goblet cells in large
airways (arrows), scale bars represent 100 pm; and, (b) quantification of goblet cells per high power field (HPF) in large airways (n = 4 B6, 5 FF,
3 Il17a7", 4 FF17a™"). (c) Representative H&E-stained lung cross-sections of the indicated groups of 60-wk-old mice; scale bars represent
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large airways of mice,”” can arise by both metaplasia and
hyperplasia; however, whether the increase in goblet cell
numbers in Hck™/F mice represents metaplasia or hy-
perplasia was not discerned in this study, which also
represents a limitation. Another strength is that we have
been able to use sophisticated bone marrow chimeras
and knockout mice to discern disease mechanisms,
uncovering the role of IL-17A-producing unconven-
tional T cells. However, a limitation is that we do not yet
know to what the unconventional T cells in our mutant
mice are responding. Nonetheless, these mutants will
be valuable models for the study of y8T17 cell and
MAIT17 cell activation and function. In addition, it will
now be important to treat Hck"/F mice with anti-IL-17 or

small molecule RORyt inhibitors to demonstrate clinical
applicability for pulmonary diseases with an HCK/IL-17
endotype in a precision medicine approach.

Further work examining y8 T cells at other mucosal
sites in Hck™/F mice is now warranted, as well as testing
of the pulmonary immune response of these mice to
cigarette smoke and pathogens. It would also be inter-
esting to examine the y8 T cell compartment of
Hck-deficient mice’ and assess their response to lung
insults such as cigarette smoke. Nonetheless, our work
identifies HCK as an important therapeutic target at the
apex of an IL-17A/G-CSF/granulocyte and unconven-
tional T cell pathogenic axis that offers improved in-
sights into the fundamental pathobiology of COPD.

200 pm; and, (d) corresponding alveolar airspace size; n = 4 mice per group. (e) Total BAL cell counts in indicated groups of 6-wk-old mice, and
(f) corresponding flow cytometric quantitation of BAL cell composition (n = 4 B6, 3 FF, 5 FF17a”"). Data presented as median + IQR. ns, not

significant; *P < 0.05, **P < 0.01 (Kruskal-Wallis with Dunn’s post-test).
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Given that HCK is highly ‘druggable’, we suggest that
HCK inhibitors will emerge as a therapeutic strategy in
COPD, pre-COPD, and by inference, their complex
comorbidome.
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