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Abstract

Background: Neutrophilic asthma is associated with disease severity and corticosteroid
insensitivity. Novel therapies are required to manage this life-threatening asthma phenotype.
Programmed cell death protein-1 (PD-1) is a key homeostatic modulator of the immune response
for T cell effector functions.

Objective: Our aim here was to investigate the role of PD-1 in the regulation of acute
neutrophilic inflammation in a murine model of airway hyperreactivity (AHR).

Methods: House dust mite was used to induce and compare neutrophilic AHR in wild-type
and PD-1 knockout mice. Then the therapeutic potential of a human PD-1 agonist was tested

in a humanized mouse model in which the PD-1 extracellular domain is entirely humanized.
Single-cell RNA sequencing and flow cytometry were mainly used to investigate molecular and
cellular mechanisms.

Results: PD-1 was highly induced on pulmonary T cells in our inflammatory model.
PD-1 deficiency was associated with an increased neutrophilic AHR and high recruitment of
inflammatory cells to the lungs. Consistently, PD-1 agonist treatment dampened AHR, decreased
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neutrophil recruitment, and modulated cytokine production in a humanized PD-1 mouse model.
Mechanistically, we demonstrated at the transcriptional and protein levels that the inhibitory effect
of PD-1 agonist is associated with the reprogramming of pulmonary effector T cells that showed
decreased number and activation.

Conclusion: PD-1 agonist treatment is efficient in dampening neutrophilic AHR and lung
inflammation in a preclinical humanized mouse model.

Capsule summary:
This study demonstrates the first proof of concept supporting the beneficial utilization of PD-1
agonist in neutrophilic asthma via specific targeting and reprogramming of activated T cells in the
lungs.
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Introduction

Asthma is a chronic inflammatory disease of the airways associated with respiratory
symptoms ranging from coughing to shortness of breath during acute exacerbations.
Asthma is a heterogeneous disease that consists of many different phenotypes including
eosinophilic asthma, neutrophilic asthma, exercise-induced, occupational, and obesity-
related asthma, each associated with different immunopathology(1-3). Although available
treatments including inhaled corticosteroids and long-acting f2- agonists are effective

to manage asthma symptoms and avoid serious outcomes, asthma could affect patients’
daily life if not treated appropriately. Additionally, approximately 10 to 15 percent of
patients develop a severe steroid-refractory phenotype associated with a higher risk of
hospitalization and intubation(2,4,5). Neutrophilic asthma is the most common phenotype
among adult patients associated with high disease severity and therefore requires more
aggressive therapies and often the patients do not respond to the treatment. Neutrophil-
driven inflammation is characterized by high neutrophil recruitment and is associated with
airway hyperreactivity (AHR) and pathological tissue remodeling(6-9). Given the serious
outcomes, novel therapeutic targets are required to develop a more specific and effective
treatment against severe forms of asthma.

Immune checkpoints constitute a group of gatekeeper receptors that determine the intensity
of an immune response. Programmed cell death protein-1 (PD-1) is one of the principal
inhibitory checkpoints that mainly suppresses T cell activation. PD-L1 and PD-L2, are the
two known ligands that interact with PD-1 allowing the induction of intracellular signaling
pathways through the immunoreceptor tyrosine-based inhibitory motif in the cytoplasmic
domain(10-12). Although PD-1 has received considerable attention for its role in T cell
exhaustion, PD-1 has diverse roles in regulating host immunity including regulation of T cell
activation, T cell priming, and effector functions at the early stages of T cell response(13-
15). Despite the compelling promise, agonist antibodies targeting PD-1 in autoimmune
diseases still require further steps in clinical trials. This is mainly due to the complexity

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Helou et al.

Methods

Mice

Page 3

of immune agonist development that should carefully take into consideration many factors
including affinity, the choice of the isotype, and toxicity(16,17).

The role of immune checkpoints in the immunopathology of asthma has been an
underrepresented area of investigation during the last decades when compared to cancer

and autoimmune diseases. At the therapeutic level, the development of alternative therapies
for neutrophilic asthma mainly focuses on interleukin antagonists to the detriment of

other targets. However, strategies targeting neutrophil chemotaxis have failed to improve
lung functions and to decrease inflammation, as is the example for interleukin- (1L-)17
receptor and CXCR2 antagonists(18,19). In contrast, strong evidence supports considering
immune checkpoints like PD-1 as new potential targets. Data from asthma patients

have demonstrated the expression of PD-1 on CD4" T lymphocytes and established a
negative correlation between PD-1 expression and immune activation(20-22). Moreover,
PDCD1 polymorphism was associated with an increased risk of allergic bronchial asthma
development in certain populations(23,24). In murine preclinical models, different studies
have implicated the PD-1 axis in the regulation of allergic asthma (25-27). Recent works by
our lab and others have demonstrated the efficacy of PD-1 agonists in modulating T cell and
type-2 innate lymphoid cell (ILC2) effector functions(28-30). However, the effect of PD-1
agonistic activation in steroid-refractory asthma has yet to be explored.

Herein, we investigated the role of PD-1 in an established mouse model of steroid-

resistant neutrophilic asthma(31). Interestingly, we have demonstrated that neutrophilic

lung inflammation is associated with PD-1 induction mainly on T helper cells, and

PD-1 deficiency led to exacerbated AHR and lung inflammation. The induction and the
protective role of PD-1 in this inflammatory context make it a promising target. To validate
this hypothesis, we induced neutrophil-driven lung inflammation in a preclinical PD-1
humanized mouse model and tested the therapeutic potential of a novel human PD-1 agonist.
Strikingly, agonist-treated mice showed controlled AHR, inflammatory cell recruitment,

and cytokine production, as compared to the control group. Moreover, single-cell RNA
sequencing (ScRNAseq) and flow cytometry data underlined the capacity of our PD-1
agonist to downregulate effector T cells (Teff) in the lungs. Altogether, this study provides
new insights regarding a PD-1-targeted innovative approach for the treatment of neutrophilic
asthma.

Wild-type (WT) BALB/cByJ mice were purchased from Jackson Laboratory (Bar Harbor,
ME). PD-1-knockout (KO) BALB/c mice were generated in the Sharpe laboratory(32).
Humanized PD-1 mice on a C57BL/6 background were purchased from GenOway (Lyon,
France) and distributed by Charles River laboratories. Eight to ten-week-old aged and
sexed-matched mice were used in the study. All experimentation protocols were approved by
the USC Institutional Animal Care and Use Committee and conducted in accordance with
the principles of the Declaration of Helsinki.
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Induction of acute neutrophilic lung inflammation

A well-established model of mice acute neutrophilic asthma was used with some
modifications(31). Mice were sensitized via a subcutaneous (s.c.) tail base injection of
house dust mite (HDM) mixed in Complete Freund’s Adjuvant (CFA) (1:1 v/v, 200 pg

of HDM). After 13 days, mice were challenged with one intranasal (/.n.) dose of HDM
(100 pg). Control mice only received PBS. In some experiments, mice were treated via

the intraperitoneal route (7.0.) with Dexamethasone (1mg/Kg, Sigma Aldrich). On day

14, lung function was evaluated by direct measurement of lung resistance and dynamic
compliance (cDyn) in restrained, tracheostomized, and mechanically ventilated mice using
the FinePointe RC system (Buxco Research Systems) under general anesthesia(33-35).
Mice were sequentially challenged with aerosolized PBS (baseline), followed by increasing
doses of methacholine ranging from 5 to 40 mg.mL~1. Maximum lung resistance and
minimum compliance values were recorded during a 3 min period after each methacholine
challenge. AHR data were analyzed by repeated measurements of a general linear model.
When indicated, hPD-1 mice received 2 doses of PD-1 agonist (Janssen Pharmaceuticals)
or the corresponding isotype: intraperitoneal injection of 500 pg on day 13 and intravenous
(7#.v) injection of 250 ug on day 14. For these experiments, AHR was assessed on day 15.
The PD-1 agonist has been fully characterized and tested in vivo and in vitro(28,29). Briefly,
antibodies were generated in mice that were immunized with the extracellular domain of
human PD-1 conjugated to fragment crystallizable region (Fc). B cells were isolated from
the spleen to generate hybridomas. The hybridomas were screened by ELISA for binding
to recombinant PD -1 (isotype 1gG2a). The selected antibody binds to human PD-1 with an
equilibrium dissociation constant (KD) of 5 x 1078 M; an association constant (ka) of about
3 x 104 I.Ms~1 and a dissociation constant (kd) of about 3 x 1073 |.s71.

Tissue processing and flow cytometry

After measurements of AHR, lungs were injected with 3 mL of ice-cold PBS to collect
bronchoalveolar lavage (BAL) cells. Lung tissue was then cut into small pieces and
incubated in type IV collagenase (1.6 mg.mI~1; Worthington Biochemicals) at 37°C for

60 minutes(36). Single-cell suspensions were obtained by passing the lung tissue digest
through a 70 um cell strainer. Spleens were also processed through a 70 um cell strainer
using the flat end of syringe plunger. Red blood cells were lysed in all cell suspensions using
RBC Lysis Buffer from BioLegend. The following antibodies were used to characterize
different immune populations: BV421 anti-human PD-1 (EH12.2H7), APC-Cy7 anti-mouse
CD3 (145-2C11), APC anti-mouse CD4 (GK1.5), BV510 anti-mouse CD25 (PC61),
PE-Cy7 anti-mouse CD44 (IM7), BV650 anti-mouse CD45 (30-F11), APC anti-mouse
Siglec F (S17007L), BV421 anti-mouse PD-1 (29F.1A12), PercP-Cy5.5 anti-mouse CD11c
(N418), PE anti-mouse CD64 (X54-5/7.1), BV785 anti-mouse Ly6G (1A8), APC-Cy7 anti-
mouse MHC Il (M5/114.15.2), PE-Cy7 anti-mouse PD-L2 (TY25), BV711 anti-mouse
PD-L1 (10F.9G2), PE/Dazzle anti-mouse/human CD11b (M1/70), FITC anti-mouse CD19
(6D5) (all from BioLegend); FITC anti-mouse CD8a (53-6.7), PerCP-Cy5.5 anti-mouse
CD62L (MEL-14) (both from eBioscience); BV510 anti-mouse CD3 (M1/69) (from

BD Biosciences) and PE anti-mouse FOXP3 (FJK-16s) (from Invitrogen). Intranuclear
staining was performed using the FOXP3 Transcription Factor Staining Kit (ThermoFisher
Scientific). CountBright Absolute Count Beads were used to count lung immune cells
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(Invitrogen). The acquisition was performed on BD FACSCanto Il and FACSARIA 111
system (BD Biosciences) using the BD FACSDiva software v8.0.1. Data were analyzed with
FlowJo software (TreeStar) version 10. To prepare tissue lysates, lungs were mechanically
homogenized in 500 pL of Triton X-100 lysis buffer (0.5% Triton X-100, 150 mmol/L NaCl,
15 mmol/L Tris, 1 mmol/L CaCl2, and 1 mmol/L MgCI2), as previously described(37). The
lysates were then centrifuged for 20 minutes at 10,000g to collect the supernatants.

Cytokine measurement

ScRNA-Seq

The levels of IFN-y, MCP-1, TNF-a, CXCL-10, IL-4, IL-5, IL-6, IL-10, IL-13, and
GM-CSF were measured in the BAL or in lung lysates using Legendplex multiplex kits
(BioLegend) and data were analyzed viathe LEGENDplex data analysis software v8.0.
IL-17A and G-CSF were quantified in the BAL and in lung lysates using the ELISA MAX
Deluxe Set Mouse IL-17A kit (BioLegend) and the G-CSF (CSF3) Mouse ELISA Kit
(Invitrogen), respectively.

Sorted live CD45* cells (viability >95%) were stained using TotalSeq™-A antibodies and
cell hashing reagents. Three samples from each group were mixed using the cell hashing
technique (~50,000 cells/group). Each sample was initially stained with a monoclonal
antibody conjugated with a short DNA oligo carrying a sequence barcode and tagging
samples in the final suspension (TotalSeq-A0301 anti-mouse Hashtag 1 Antibody, TotalSeq-
A0302 anti-mouse Hashtag 2 Antibody, TotalSeq-A0303 anti-mouse Hashtag 3 Antibody).
After cell labeling, 10x Genomics single cell 3’ v3 assay (Chromium Next GEM Single
Cell 3’Reagent Kits v3.1), Antibody derived tag (ADT) and mRNA library preparation was
performed according to the manufacturer’s instructions (BioLegend and 10X Genomics).
The pooled library was loaded and sequenced on an Illumina HiSeq X Ten System (150bp
x 8bp x 150bp). Single-cell sequencing data were processed and analyzed using Partek®
Flow® software (v10.0.21.1116), where read pairs were first trimmed, according to the

10x Genomics Chromium Single Cell 3’ v3 prep kit used, to extract barcode and UMI
information. Trimmed reads were then aligned to the MM10 genome using STAR v2.7.3a
aligner, UMIs deduplicated, barcodes filtered, and then quantified against the Ensembl v98
transcripts annotation. Single-cell QA/QC was performed filtering out cells with alignment
counts 600-15000, detected features 500-4000, mitochondrial counts 0-10, and minimum
ribosomal reads percent > 0.13. The average total count after filtering was approximately
15,000 cells per sample. Read counts were normalized by first calculating counts per million
(CPM), adding 1, then performing a log2 transformation, and genes not expressed in 99.9%
of cells were excluded. The normalized count tables were exported from Partek Flow and
used for annotation of cell classifications using SingleR, after which the resultant cell
annotations were re-imported back into Partek Flow. PCA and tSNE was applied to reduce
the dimensionality of the single cell normalized count data, and Partek Flow’s Data Viewer
visualization tools were subsequently used to generate the various tSNE, bubble heatmap,
gene expression, and dot plots used in the figures. Gene ontology (GO) enrichment analysis
was performed using Enrichr(38). sScRNA-seq data from this study have been deposited in
Genbank with the primary accession code GSE210349.
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When indicated, lungs were collected for histology and stored in paraformaldehyde 4%
buffered in PBS. Lungs were embedded in paraffin, cut into 4-um sections, and stained with
hematoxylin and eosin (H&E) or alcian blue/periodic acid-13chiff (AB-PAS) according to
standard protocols. Images were captured on a Keyence BZ-X700 using a 20x objective.

Statistical analysis

Results

A two-tailed student t-test for unpaired data was applied for comparisons between 2 groups.
Data were analyzed with Prism Software (GraphPad Software Inc.). Error bars represent
standard error of the mean. Pvalue < 0.05 was considered to denote statistical significance
(*P < .05, **P < .01, ***P <.001, n.s. non-significant).

PD-1 is expressed and induced on T cells in acute neutrophilic lung inflammation

The study of PD-1 in autoimmune and allergic diseases is recently gaining more interest for
therapeutic purposes. We have recently explored the protective role of PD-1 in eosinophilic
asthma mouse models induced by either the alarmin IL-33 or the fungal allergen Alternaria
alternata(28). However, the induction of PD-1 in a mouse model of neutrophilic lung
inflammation is yet to be investigated. For this purpose, we used here an established mouse
model of acute neutrophilic asthma resistant to corticosteroids (Figure E1) and induced by
HDM extracts(31), a common clinically relevant allergen. On day 0, BALB/c wild-type
(WT) mice received a subcutaneous injection of HDM (200ug) mixed with CFA, followed
by an intranasal injection of HDM (100ug) after 13 days (Fig. 1A). We first characterized
the model by measuring lung resistance and inflammatory cell recruitment. On day 14,
lung function was assessed before euthanasia by direct measurement of lung resistance

in anesthetized tracheostomized mice using the FinePointe RC system (Buxco Research
Systems), followed by BAL and lung collection. HDM-treated mice displayed 2 to 3-fold
higher lung resistance in response to increasing concentrations of methacholine as compared
to PBS control mice (Fig. 1B), suggesting the development of AHR. Additionally, immune
CD45™ cells were highly recruited to the airway lumen as revealed by flow cytometry
analysis in the BAL (Fig. 1C). Although these cells included alveolar macrophages,
recruited T and B lymphocytes as well as eosinophils, neutrophils were the major recruited
cells and represented about 80% of the recruited immune cells in the BAL (Fig. 1D-G,
Figure E2A). To assess the role of PD-1 in this model, we identified the principal PD-1*
cells in the lungs of control and HDM-treated mice. T cells constituted around 70% of
PD-1" cells, followed by B cells that represented about 15%, while innate cells including
macrophages, DCs, and neutrophils were weakly represented (0.5 to 2.5%). Interestingly,
the percentage of T cells, macrophages, and DCs among PD-1* cells increased in HDM-
treated mice (Fig. 1H, Figure E2B). As T cells represented the major population, we further
assessed the induction of PD-1 in the total CD3* population. As shown in Figure 11, PD-1
expression was highly induced on lung T cells in response to HDM and the percentage of
PD-1* T cells significantly increased from 10 to approximately 30%. Within this positive
population, CD4* and CD8* T cells represented around 80% and 20% respectively (Fig.
1J), suggesting that PD-1 induction mainly concerns T helper cells. Consistently, FOXP3*
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regulatory T cells (Treg) and CD62L* cells each represented around 15% of total PD-1*
CDA4 T cells in HDM-challenged mice, while FOXP3~ CD62L" cells represented around
70% (Fig. 1K). Interestingly, HDM challenge did not affect the percentage of Treg cells
among total PD-1* CD4 T cells, while the percentage of CD62L" significantly increased to
the detriment of CD62L" cells that mainly represent naive T cells. These results indicated
therefore that PD-1 is mainly expressed and induced on CD4* Teff cells in neutrophilic lung
inflammation.

Lack of PD-1 induces severe neutrophilic lung inflammation

To elucidate the capacity of PD-1 to regulate lung neutrophilic inflammation, we introduced
a PD-1-knockout (KO) mouse on BALB/c background. WT and PD-1 KO mice were
exposed to the experimental protocol detailed in Figure 1A. On day 14, lung function was
assessed by direct measurement of lung resistance and cDyn in anesthetized tracheostomized
WT and PD-1 KO mice. Interestingly, PD-1 KO mice developed a higher lung resistance
and lower cDyn as compared to WT mice (Fig. 2A, B). This indicates that PD-1 deficiency
is associated with an increased AHR. We also collected the BAL to investigate the role of
PD-1 in the regulation of inflammatory cell recruitment to the lungs. In agreement with
AHR results, PD-1 KO mice had more CD45* cells in the BAL than WT mice, mainly due
to a significantly increased recruitment of neutrophils and T cells (Fig. 2C-E). Moreover,
the cell count of B cells, eosinophils, and alveolar macrophages indicated a non-significant
trend in the BAL from PD-1 KO mice (Fig. 2F-H; Figure E2A). Of note, no statistical
differences were observed between WT and PD-1 KO mice receiving PBS. Cytokines

in the BAL were also quantified to assess the activation level of recruited inflammatory
cells. We detected significantly higher production of several pro-inflammatory mediators
including tumor necrosis factor-alpha (TNF-a), IL-17A, interferon-gamma (IFN--y), and
IL-6 in the BAL of PD-1 KO mice when compared to WT mice (Fig. 21-L; Figure

E3). Also, a more potent secretion of three neutrophil recruiting mediators: monocyte
chemoattractant protein-1 (MCP-1), CXCL-10, and granulocyte colony-stimulating factor
(G-CSF) was detected in PD-1 KO mice (Fig. 2M-0). In parallel, IL-4 levels showed a
non-significant trend toward reduced production in PD-1 KO mice (Fig. 2P), suggesting a
potential inhibitory effect of this cytokine on neutrophil recruitment and function in our
model(39). Histological analysis also revealed an increased thickness of airway epithelium
as well as increased inflammatory cell recruitment in the lung sections from PD-1 KO
mice as compared to WT mice (Fig. 2Q). Altogether, these results demonstrated that PD-1
downregulates AHR and controls neutrophilic lung inflammation.

PD-1 is induced in humanized PD-1 mice during neutrophilic lung inflammation

Since our data suggested a protective role for PD-1 in neutrophilic lung inflammation,

we wanted to elucidate the benefits of targeting PD-1 in a translational approach. Human
PD-1 agonists were recently developed, fully characterized, and successfully tested in a
humanized mice model(28,29). To elucidate the therapeutic potential of a human PD-1
agonist in acute neutrophilic asthma model, we used a preclinical humanized PD-1 (hPD-1)
mouse in which the mouse extracellular domain of PD-1 was replaced by the human
equivalent (Fig. 3A). Before applying a treatment strategy, it was first crucial to confirm
that the genetic manipulation of Pdcdl gene did not affect the expression and induction of
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PD-1 in our experimental inflammatory context (Fig. 3B). An anti-human PD-1 antibody
was used in flow cytometry analysis and revealed similar basal expression of PD-1 in the
lungs of hPD-1 mice, as compared to the level of murine PD-1 expression in WT mice.

The induction of PD-1 in acute neutrophilic inflammation was also comparable, revealing
an increase from 1 to 2—-2.5% among total CD45* cells (Fig. 3C, D; Figure E4). As T
lymphocytes represented the major PD-1* population, we checked the induction of PD-1 on
T cells in lungs and spleens of hPD-1 mice. As expected, human PD-1 was significantly
induced on lung T cells following HDM challenge (Fig. 3E, F), while the expression
remained unchanged in the spleen (Fig. 3G). This suggests that a systemic therapy targeting
PD-1 may specifically affect lung T cells with minor effects on other organs. To investigate
other aspects related to PD-1 axis engagement, we also assessed the expression of PD-1
ligands, PD-L1 and PD-L2, on CD45™ cells. Only PD-L1 was expressed on immune cells
at a steady state. However, HDM challenge increased the percentage of PD-L1* PD-L2~
population from 30 to 40% and induced the expression of PD-L2 resulting in a new PD-L1
PD-L2 double positive population (about 7%) (Fig. 3H-J). Taken together, these results
supported the use of hPD-1 mouse as a relevant preclinical model for neutrophilic asthma
and paved the way to investigate the therapeutic potential of a human PD-1 agonist in this
inflammatory context.

PD-1 agonist treatment dampens AHR and ameliorates neutrophilic lung inflammation

First, we studied the impact of the PD-1 agonist on lung function and inflammatory burden,
in order to investigate its therapeutic potential. hPD-1 mice received the PD-1 agonist

or the corresponding isotype control along with HDM challenge as shown in Figure 4A,
while naive mice only received PBS and were not challenged or treated. Assessment of
lung resistance on day 15 in anesthetized tracheostomized mice revealed that mice treated
with PD-1 agonist have a decreased lung resistance in comparison with isotype-treated
mice (Fig. 4B). Consistently, BAL analysis showed a significant decrease in CD45" cell
count (Fig. 4C). In particular, PD-1 agonist treatment decreased neutrophil, T cell, and
alveolar macrophage count significantly, but not eosinophils (Fig. 4D-G). We also measured
several cytokines in the BAL and observed a marked decrease in IFN-y, IL-6, and TNF-a
levels (Fig. 4H-J). The levels of Th2 cytokines including IL-4, IL-5, and IL-13 were as
well decreased in the BAL of PD-1 agonist-treated mice as compared to isotype-treated
mice (Figure ESA-C). Importantly, the secretion of IL-17, known as a potent inducer of
neutrophil recruitment, was significantly reduced in the BAL and lung lysates of PD-1
agonist-treated mice (Fig. 4K; Figure E5D), in association with a significantly reduced
production of MCP-1 and CXCL-10 (Fig. 4L, M). However, PD-1 agonist treatment did
not affect the production of G-CSF in the BAL and in lung lysates, nor the production of
granulocyte-macrophage colony-stimulating factor (GM-CSF) and I1L-10 (Fig. 4N; Figure
E5E-G). Last, histological analysis revealed the capacity of PD-1 agonist to decrease airway
epithelial thickness, inflammatory cell recruitment, and mucous production (Fig. 40-Q).
Altogether, these data indicated that PD-1 agonist treatment can successfully downregulate
acute neutrophilic lung inflammation.
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PD-1 agonist induces a dynamic modulation of lung immune cell transcriptome

We used single-cell RNA sequencing (ScRNAseq) to better understand the effect of PD-1
agonist on immune responses in neutrophilic asthma(40,41). To obtain a high-dimensional
analysis of the immune landscape following PD-1 agonist treatment, we performed
scRNAseq using the 10x Genomics platform and analyzed the data using Partek® Flow®
software, v10.0.21.1116. We compared the transcriptional profile of sorted live CD45*
cells from HDM-challenged mice, treated with PD-1 agonist or the corresponding isotype
(Fig. 4A). The t-SNE plots in Figure 5A showed main immune cells that were annotated
using SingleR(42). Interestingly, these t-SNE plots showed a considerable rearrangement
in different immune populations, notably T and B cells. Moreover, the bubble heatmap in
Figure 5B showed the effect of PD-1 agonist treatment on different cytokine axes in the
identified immune populations. In particular, PD-1 agonist treatment was associated with
a significant decrease in the expression of Cxc/5in macrophages, Cxc/10and Cxc/11in
neutrophils, macrophages and monocytes, and //Z7rcin pro B cells and NKT cells. To
investigate the direct effect of the agonist on PD-1* lung cells, we generated t-SNE plots
showing the distribution of PdcadI* cells (Fig. 5C). The comparison between isotype- and
PD-1 agonist- treated groups revealed the lack of a sub-population that highly expresses
Pdcd1 while other Pdcdl* cell clusters were slightly or unaffected. This was confirmed in
a quantitative graph showing the loss of a small population of cells that highly express
Pdcd1>10 (Fig. 5D). Altogether, these transcriptomic data indicated that PD-1 agonist
treatment does not systemically deplete PD-17 cells but directly or indirectly shapes the
transcriptomic signature of inflammatory cells that are implicated in the pathogenesis of
neutrophilic lung inflammation.

PD-1 agonist targets and reprograms Teff cells in the lungs

Having demonstrated that PD-1 is mainly expressed on CD4*T cells, we wanted to better
understand the effect of PD-1 agonist on the distribution of main subsets within this
immune population. In agreement with the BAL cellular analysis, we first demonstrated

that PD-1 agonist treatment significantly decreases the number of CD45" cells in the lungs
and particularly reduces the number of neutrophils (Fig. 6A, B; Figure E6). Consistently,
the count of T cells gated as CD3* cells significantly decreased in the lungs of PD-1
agonist-treated mice and reached similar levels as naive mice (Fig. 6C). To better understand
the molecular mechanisms associated with this remarkable decrease in T cell number, we
performed a gene ontology (GO) enrichment analysis on our sSCRNAseq data. Interestingly,
pathways related to IFN responses, TNF-a signaling via NF-xB as well as IL-6/JAK/STAT3
and IL-2/STATS5 signaling pathways were considerably affected, suggesting an important
impact of PD-1 agonist treatment on T cell effector functions (Fig. 6D).

In mice, CD44 and CD62L (L-selectin) could be used to classify T cells into naive, effector
memory, and central memory subsets. We further analyzed the expression of the genes
Cd44 and Sell, encoding CD44 and CD62L respectively, within Ca3e* cells. Interestingly,
the t-SNE plot revealed a major translocation of Se//* cells in response to PD-1 agonist
treatment, suggesting a remapping of naive T cell transcriptional signature. Moreover, an
important fraction of the Ca44" T cell population that colocalized Pdcd high cells was
missing in the lungs of PD-1 agonist-treated mice as compared to isotype-treated mice
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(Fig. 6E). Consistently, CD44* CD4* T cells displayed a significantly induced expression
of PD-1 as compared to CD44~ CD4* T cells (Figure E7A-C). We next focused on the
effector phenotype of CD4* T cells that were shown to represent the majority of PD-1*

T cells (Fig. 1J). Interestingly, genes coding for key cytokines in CD4* T cells including
IFN-vy, IL-2, and IL-4, as well as genes coding for main regulatory transcription factors
such as GATA-3, T-bet, ROR-yt and ROR-a were downregulated in PD-1 agonist-treated
group in comparison with the isotype-treated group (Fig. 6F). This also supports previous
GO analysis and suggested a downregulation of the identified inflammatory pathways in
response to PD-1 agonist treatment. To confirm our findings at the protein level and assess
the effect of PD-1 agonist on T cell subset distribution, we used multiparametric flow
cytometry. Effector memory (EM) CD4* T cells, central memory (CM) CD4™ T cells, and
naive CD4™ T cells were gated based on the expression of CD44 and CD62L (Fig. 6G).
PD-1 agonist treatment decreased the percentage of EM T cells compared to the isotype
control and slightly increased the percentage of CM T cells (Fig. 6H, I). Consistently,

the percentage of naive CD4* T cells was significantly increased in PD-1 agonist treated
group similar to the levels of the naive unchallenged group (Fig. 6J). Last, we evaluated
the effect of PD-1 agonism on the Teff: Treg ratio which provides a unique parameter

to evaluate immunomodulation. Total effector CD4™ T cells were gated as CD4* CD25~
FOXP3~ cells while Treg cells were gated as CD4* CD25* FOXP3™ cells (Figure E7D).
Interestingly, isotype-treated mice display a skewed Teff:Treg ratio while PD-1 agonist
treatment significantly increases this ratio indicating a relevant shift in the proinflammatory/
tolerogenic balance. Of note, the distribution of T cell subsets was not affected in the spleen,
indicating a local effect for PD-1 agonist treatment (Figure E8). Taken together, these data
provided solid evidence that agonistic activation of PD-1 shapes the balance of Teff cell
activation in neutrophilic lung inflammation.

Discussion

During the last decade, many studies have investigated the role of PD-1 axis in the
homeostasis of the immune system. These studies provided a strong rationale for targeting
and modulating PD-1 axis in several immune disorders. Here, we characterized for the first
time PD-1 implication in a clinically relevant mouse model of neutrophilic AHR that mimics
the immunopathological features of human neutrophilic asthma. We have demonstrated that
PD-1 is mainly inducible on CD4* T cells while the lack of PD-1 leads to a significant
exacerbation of AHR and lung inflammation. Based on a SCRNAseq approach, our data in
hPD-1 mice support the preclinical therapeutic potential of a PD-1 agonist in neutrophilic
asthma.

The role of PD-1 in different asthma phenotypes is not yet completely clear. A few studies
have suggested an impairment of the PD-1 axis in human asthma. In particular, correlations
between low PD-1 expression on Teff cells and imbalanced immune responses were
established in asthmatic patients(20,22). Among other key inhibitory checkpoints including
CTLA-4 and LAG-3, the unique capacity of PD-1 to control allergen-specific human T cells
was recently demonstrated(43). In parallel, we and others have previously demonstrated the
effect of PD-1 axis impairment in murine models of allergic asthma(44,45,27). We have
also recently described the inhibitory role of PD-1 and its capacity to regulate eosinophilic
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response in ILC2-dependent asthma models(28). Since asthma is a heterogenous disease, we
wanted here to investigate the protective role of PD-1 in a more severe phenotype associated
with neutrophilic inflammation(31). Interestingly, we first demonstrate in a mouse model of
acute neutrophilic asthma that PD-1 is highly expressed and inducible on T lymphocytes, in
particular on effector CD4* T cells. In parallel, Treg cells represent a small percentage

of PD-1* CD4™" T cells that does not increase in our neutrophilic asthma model. At

the functional level, we report using a PD-1 KO mouse that PD-1 deficiency leads to
exacerbated AHR and inflammatory cell recruitment, notably high neutrophil infiltration.
This exacerbated neutrophilic response was associated with high levels of key inflammatory
cytokines including TNF-a, IL-6, IL-17 and IFN-y(46,47), as well as high production of
MCP-1, G-CSF, and CXCL-10 chemokines, known to recruit neutrophils to the lungs(48—
51). These data support the notion that targeting PD-1 axis could be a promising strategy in
severe and steroid resistant forms of asthma.

Although strong rationale supports the inhibitory role of PD-1 in different disorders related
to impaired immune tolerance, the development of agonistic therapies is limited and clinical
trials have not yet reached advanced phases(17). A few studies have recently demonstrated
the downregulatory effect of PD-1 agonism on the immune response, notably on T cell
activation(30,52,53). In parallel, new human PD-1 agonist antibodies were designed, fully
characterized, and successfully underwent early phases of clinical trials in graft-versus-host
disease(29). In this regard, we have recently tested one of these human PD-1 agonists using
a humanized model of ILC2-dependent asthma, in which alymphoid mice were reconstituted
with human ILC2s and treated with the selected agonist(28). Promising results provided
supportive evidence for the use of this agonist against neutrophilic inflammation in relevant
preclinical models. To achieve this goal, we used a fully immunocompetent humanized
mouse that expresses an entirely humanized PD-1 extracellular domain. Importantly, we
validated the use of this mouse in our inflammatory context and showed induced expression
of PD-1 and PD-1 ligands upon exposure to the clinically relevant allergen, HDM. This
study provides therefore a robust translational approach to test a well characterized human
PD-1 agonist in a preclinical fully immunocompetent humanized mouse.

Management of neutrophilic asthma is a challenging task since patients become
unresponsive to high doses of corticosteroids and to standard therapies(6,54). In particular,
neutrophils are resistant to corticosteroids that exert limited downregulatory effects on
steroid-sensitive cells, notably CD4* T lymphocytes(55,56). Although several monoclonal
antibodies targeting key interleukin axes were approved during the last decade to treat
eosinophilic asthma, clinical trials investigating the benefits of these immunotherapies

in neutrophilic asthma are yet to be conclusive. Several antibodies have already failed

to provide evidence of effectiveness against severe asthma, including IL-6 and IL-17R
antagonists(18,47,57). Therefore, a novel strategy targeting a potent inhibitory checkpoint
like PD-1 could be of great interest. Based on relevant preclinical approach and cutting-
edge techniques, this study reveals a significant therapeutic effect of PD-1 agonist against
neutrophilic inflammation in asthma. Interestingly, PD-1 agonist treatment dampened AHR
and resulted in a 2-to-3-fold decrease in the number of neutrophils in the BAL and

lungs, as well as the number of macrophages and T cells. This was associated with

a remarkable decrease in the production of key cytokines such as IFN-vy, IL-17, and

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Helou et al.

Page 12

CXLC-10, confirmed at both the transcriptional and the protein levels. Consistently, several
studies have highlighted a prominent role of 1L-17(58,59) and IFN-y—CXCL-10 axis in
steroid-resistant asthma in mouse models and human patients(54,57,60,61). In particular,
increased IFN-y response is linked to the disruption of airway epithelium and exacerbated
AHR in severe type-2 low asthma (62,63). This suggests that a PD-1 agonist could directly
reprogram Teff cells and disrupt fundamental crosstalk between lung inflammatory cells,
leading to the inhibition of neutrophil recruitment.

The PD-1 axis is dominantly involved in the regulation of the crosstalk between T

cells and antigen-presenting cells within immunological synapses(10,64). Although airway
neutrophilia is the main feature of neutrophilic asthma, T cells and antigen-presenting cells
have a central role in the pathogenesis of steroid-resistant asthma and shape neutrophil
chemotactic recruitment(65,66). In our inflammatory model, PD-1 is mainly expressed on
T cells and slightly on antigen-presenting cells, while neutrophils do not express PD-1, as
expected. Therefore, PD-1 agonist treatment principally targets activated subsets of effector
Th1/Th17 cells that promote neutrophil recruitment but also activated Th2 cells as revealed
by cytokine profiling. However, Treg cells are not negatively affected, since PD-1 agonist
treatment ameliorates the Teff: Treg ratio and does not decrease the levels of IL-10 in the
lungs. Nonetheless, PD-1 agonist treatment failed in our experimental setup to decrease
the levels of G-CSF, known to be mainly secreted in the lungs by epithelial cells(49), but
not T cells. Altogether, the therapeutic activity of PD-1 agonist is tightly related to the
reprogramming of activated Teff cells independently from their polarization.

It is known that the choice of isotype is a critical step in immune agonist development

and defines the implication of antibody-dependent cellular cytotoxicity (ADCC) activity in
the antibody’s mechanism of action. Unlike autoimmunity and allergies, depleting isotypes
have a major drawback in cancer allowing the loss of the targeted T cells, while the
treatment aims to promote their activation and proliferation(67). Indeed, the most promising
agonist antibody targeting inducible T cell costimulator (ICOS) in cancer, has non-depleting
properties(68). The PD-1 agonist that we used was not described as a non-depleting
antibody, and our data do not show a systemic depletion of PD-1* cells in the lungs. This
suggests selective elimination of highly activated Teff cells in the lungs and reprogramming
of T cell subsets based on the enrichment of naive T cells, with no significant alteration of
Treg cells and T cell repertoire in other organs. This decline in Teff cell number could be
the key event leading to a state of recovery in neutrophilic asthma. Since T cell activation
represents a common feature uniting different asthma types, our PD-1-based strategy could
alleviate the challenging therapeutic task associated with asthma heterogeneity and the
clustering of clinical phenotypes.

In conclusion, this study highlights the potential of PD-1 axis to inhibit neutrophilic lung
inflammation in asthma via T cell reprogramming and suggests PD-1 agonist as a novel
therapy in steroid-refractory asthma. Although the rationale is strong, immune agonist
development is very challenging and requires relevant models for preclinical assessment
of effectiveness and safety. Our experimental study is based on solid approaches for the
evaluation of the therapeutic potential of PD-1 agonists in neutrophil-mediated allergic
asthma and therefore provides an experimental model for other preclinical studies. Taken
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together, this study supports the notion of considering PD-1 agonistic activation as a new
opportunity to achieve tremendous clinical goals in severe forms of asthma.
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Our findings provide new insight into the utilization of PD-1 agonist as an effective
therapy against a severe and refractory asthma phenotype that lacks efficient and targeted

therapies.

Clinical implication:
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Figure 1: Neutrophilic inflammation is associated with PD-1 induction in lung immune cells
(A) BALB/cByJ mice (WT) mice were sensitized via subcutaneous (s.c.) tail base injection

of HDM (200 pg) mixed in CFA (1:1 v/v). After 13 days, mice were intranasally (/.7.)
challenged with HDM (100 pg). On day 14, lung resistance was measured before euthanasia,
BAL collection and lung processing.

(B) Variations in lung resistance measured in restrained ventilated mice.

(C) Total number of CD45* cells, (D) CD3* T lymphocytes and (E) B lymphocytes.

(F) Representative flow cytometry plots of neutrophils and (G) the quantification of lung
neutrophils and eosinophils presented as the percentage among CD45* cells.

(H) Composition of PD-1* cells in the lung suspensions.

(1) Representative flow cytometry plots of PD-1 induction on CD3* CD45* cells and the
corresponding quantification presented as the percentage of PD-1* T cells in the lungs.
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(J) Comparison between the percentage of CD4* and CD8* T cells expressing PD-1 in the
lungs of HDM-treated mice within PD-1* T cells.

(K) Composition of PD-1* CD4* T cells according to FOXP3 and CD62L markers.

Data are representative of at least 2 independent experiments and are presented as means +
SEM (two-tailed Student’s t-test; n=5).
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Figure 2: PD-1 deficiency increases neutrophilic AHR and lung inflammation
WT and PD-1 KO mice were sensitized via s.c. tail base injection of HDM (200 pg) mixed

in CFA (1:1 v/v). After 13 days, mice were Z7. challenged with HDM (100 pg). Control
mice received PBS only. On day 14, lung functions were measured before euthanasia and
BAL collection.

(A) Lung resistance and (B) dynamic compliance measured in tracheostomized
mechanically ventilated mice exposed to increasing concentrations of methacholine.

(C) Absolute count of CD45™ cells, (D) neutrophils, (E) T cells, (F) B cells, (G) eosinophils,
and (H) alveolar macrophages quantified in the BAL using the count precision beads in flow
cytometry analysis.

(1) Levels of TNF-a, (J) IL-17A, (K) IFN-v, (L) IL-6, (M) MCP-1, (N) CXCL-10, (O)
G-CSF, and (P) IL-4 quantified in the BAL.

(Q) Hematoxylin and eosin (H&E) staining of lung sections (scale bar = 20 um).
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Data are representative of at least 2 independent experiments and are presented as means +
SEM (two-tailed Student’s t-test; n=5).
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Figure 3: PD-1 axis is comparably induced in humanized PD-1 mice and WT mice following
HDM challenge
(A) Representation of extracellular, transmembrane, and intracellular domains of PD-1 in

hPD-1 mouse.

(B)hPD-1 mice were sensitized via s.c. tail base injection of HDM (200 ug) mixed in CFA
(1:1 v/v). After 13 days, mice were /.n. challenged with HDM (100 pg). On day 14, lung and
spleen processing followed euthanasia.

(C) Representative flow cytometry plots of human PD-1 induction on CD45* cells from
hPD-1 mice.

(D) PD-1* CD45™ cell percentage in the lungs of WT and hPD-1 mice following HDM
challenge.

(E) Representative flow cytometry plots of human PD-1 induction on CD3™ cells and (F) the
corresponding quantification presented as the percentage of PD-1* T cells in the lungs of
hPD-1 mice.
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(G) Percentage of PD-1* T cells in the spleens of hPD-1 mice.

(H) Representative flow cytometry plots of PD-L1 and PD-L2 induction on CD45™ cells and
(1) the corresponding quantification presented as the percentage of PD-L1* PD-L2~ cells and
(9) PD-L1* PD-L2" cells in the lungs of hPD-1 mice.

Data are representative of at least 2 independent experiments and are presented as means +
SEM (two-tailed Student’s t-test; n=4).
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Figure 4: PD-1 agonist downregulates AHR and controls neutrophilic lung inflammation
(A) Humanized PD-1 mice were sensitized via s.c. tail base injection of HDM (200 pg)

mixed in CFA (1:1 v/v). After 13 days, mice were /.n. challenged with HDM (100 pg) and
received 500 pg of PD-1 agonist via the intraperitoneal route or the corresponding isotype,
while the dose was reduced to 250 pg via the intravenous route on day 14. Naive mice were
not sensitized, challenged, or treated. On day 15, lung function was measured. BAL and
lungs were collected after euthanasia.

(B) Lung resistance measured in tracheostomized ventilated mice.

(C) Absolute count of CD45™ cells, (D) neutrophils, (E) T cells, (F) alveolar macrophages,
and (G) eosinophils quantified in the BAL.

(H) Levels of IFN-y, (1) IL-6, (J) TNF-a, (K) IL-17A, (L) MCP-1,(M) CXCL-10, and (N)
G-CSF quantified in the BAL.

J Allergy Clin Immunol. Author manuscript; available in PMC 2024 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Helou et al.

Page 26

(O) Representative images of H&E and AB-PAS-stained histology sections (scale bar = 50
um) with the corresponding quantifications of (P) recruited immune cells and (Q) airway
epithelial thickness.

Data are representative of at least 2 independent experiments and are presented as means
+ SEM (two-tailed Student’s t-test; n=4-5). Mouse image provided with permission from
Servier Medical Art.
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Figure 5: scRNAseq analysis reveals the impact of PD-1 agonist treatment on the lung immune
landscape
Single-cell RNA-seq was performed on sorted CD45* cell suspensions pooled from 3 lungs

per group (isotype- versus PD-1 agonist- treated mice). Samples were analyzed using Partek
Flow genomic analysis software.

(A) tSNE plot (2D graph) revealing the effect of PD-1 agonist on main immune cell
populations annotated using SingleR.

(B) Bubble heatmap showing the expression of relevant genes implicated in cytokine
pathways.

(C) tSNE plot (3D graph) of CD45* cells colored by Pdcdl expression. The intensity of the
blue color, as well as the dot size, are dependent on the level of Pdcdl expression. Green
circles represent a cluster of PdcdI* high cells.

(D) Dot plot showing the intensity of Pdcadl expression in total CD45* lung cells.
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Figure 6: PD-1 agonist treatment downregulates the effector phenotype of lung T cells
Following the induction of neutrophilic lung inflammation, humanized PD-1 mice received

two injections of the PD-1 agonist or the corresponding isotype, as previously described. On
day 15, lungs were washed and collected after euthanasia.

(A) Absolute count of CD45* cells, (B) neutrophils, (C) CD3* T cells.

(D) Volcano plot showing significantly affected pathways in lung immune cells from PD-1
agonist-treated mice as compared to isotype-treated mice (MSigDB_Hallmark_2020 gene
set).

(E) tSNE plot representation based on the expression of Cd44 and Se//genes in lung
immune cells. The size of dots is dependent on the level of Cd3e expression.

(F) Expression of genes related to the T effector phenotype expressed as fold change (PD-1
agonist vs isotype group).
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(G) Representative flow cytometry plots showing the gating strategy for the identification of
CD4™ T cells subsets according to CD44 and CD62L expression.

(H) Percentages of effector memory CD4* T cells, (1) central memory CD4* T cells, (J)
naive CD4* T cells, and (K) Teff: Treg ratio in the lungs.

Data are representative of at least 2 independent experiments and are presented as means +
SEM (two-tailed Student’s t-test; n=4).
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