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Eosinophils are the predominant immune cells implicated in the pathogenesis
of asthma, highlighting the need for strategies to mitigate their effects. While
previous studies have implicated the importance of lysosomes in eosinophil
function, the precise role of lysosomes in eosinophil activation during asthma
remains insufficiently understood. In this study, we demonstrate that lysoso-
mal acidity and cathepsin L activity in eosinophils are elevated in asthmatic
patients and mouse models. Genetic deletion or pharmacological inhibition of
cathepsin L in eosinophils attenuates allergic airway inflammation in vivo and
suppresses eosinophil activation in vitro. Cathepsin L in eosinophils promotes
type 2 immune responses by upregulating arginase 1 expression and inter-
acting with it, thereby enhancing arginase 1 activity and altering arginine
metabolism during eosinophil activation. This metabolic shift leads to
increased production of ornithine, which exacerbates inflammatory processes.
Furthermore, lysosomal acidity and cathepsin L activity correlate with disease
severity in asthmatic patients. Our findings implicate that lysosomal acidity
and cathepsin L facilitate eosinophil activation through arginine metabolism,
thereby promoting allergic airway inflammation.

Asthma is a prevalent chronic respiratory disease characterized by
persistent airway inflammation and recurrent episodes of breath-
lessness, wheezing, chest tightness, and coughing'’. In 2019, asthma
affected an estimated 262.4 million people worldwide and caused
455,000 deaths’. Eosinophils, a type of white blood cell, play a critical
role in the immune response. Eosinophilia in blood and tissues is a
hallmark of allergic inflammation and asthma, closely associated with
increased production of type 2 (T2) cytokines, such as interleukin (IL)
4, ILS, and IL13%. Eosinophils originate in the bone marrow and, once
recruited by chemoattractants into airway tissues, respond to local

stimuli such as Immunoglobulin E (IgE) or cytokines released by other
inflammatory cells. Upon activation, eosinophils release inflammatory
mediators, thereby exacerbating asthma symptoms. Additionally,
eosinophils can directly damage airway tissues by releasing enzymes
and oxidative agents, further contributing to inflammation and wor-
sening asthma pathophysiology*. Given their pivotal role in the
pathogenesis of asthma, targeting eosinophils has emerged as a sig-
nificant therapeutic approach. However, our understanding of the
mechanisms underlying eosinophil activation during immune
responses in asthma remains limited.
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Lysosomes are membrane-bound organelles containing a diverse
array of hydrolytic enzymes that degrade proteins, lipids, and poly-
saccharides. The lysosome’s outer membrane consists of a single
phospholipid bilayer decorated with transmembrane proteins, most
notably lysosome-associated membrane protein (LAMP) 1 and
LAMP2%¢, Another crucial protein present on the lysosomal membrane
is vacuolar H*-ATPase (v-ATPase), which hydrolyzes adenosine tri-
phosphate (ATP) to transport protons into lysosomes, thereby main-
taining an acidic internal pH, typically ranging between 4.5 and 5.0.
This acid environment is optimal for the activity of luminal hydrolases’.
Transcriptomic data from the Human Protein Atlas (HPA) indicate that
RNA expression of LAMP1, LAMP2, LAMP3, and v-ATPases is enriched
in granulocytes, particularly eosinophils. Moreover, LAMP1, LAMP2,
and v-ATPases are present in eosinophil granules, and activation of
eosinophils by IL5 results in the acidification of specific granules® .
These findings suggest a crucial role for lysosomes in eosinophil acti-
vation. Lysosomes are essential organelles involved in degradation
processes, immunity, and nutrient sensing". Furthermore, lysosomes
are implicated in the progression of various pulmonary diseases".
However, the function of lysosomes in eosinophil activation during
asthma remains unclear.

Lysosomal function depends on the coordinated activity of var-
ious components, including lysosomal hydrolases, which operate
optimally within the acidic environment of the endolysosomal com-
partment. In an appropriate acidic environment, proteases are cleaved
into mature forms and exert their function. Among these hydrolases,
cathepsins are particularly prominent, with diverse functions ranging
from antimicrobial activity to antigen presentation. Specifically,
cathepsin L (CTSL), a cysteine protease, plays pivotal roles in antigen
presentation, extracellular matrix (ECM) degradation, inflammatory
diseases, and tumor progression*”, Recent studies have highlighted
the involvement of CTSL in the pathogenesis of pulmonary diseases,
including chronic obstructive pulmonary disease (COPD)', pulmonary
fibrosis”, and viral infections such as COVID-19'%, Given the critical role
of CTSL in maintaining immune homeostasis, targeting CTSL in spe-
cific cell types during allergic diseases may represent a promising
therapeutic strategy.

The present study aims to explore the role of lysosomes in eosi-
nophil activation during asthma by examining lysosomal number,
acidity, and cathepsins in activated eosinophils from mice and humans
with asthma, as well as the airway inflammation in CTSL-impaired mice.
We also provide evidence that CTSL in activated eosinophils is
mechanistically linked to arginase 1 (ARGI1) activity and arginine
metabolism. These results underscore the critical importance of the
CTSL-ARGI-arginine metabolism pathway in eosinophil activation
during asthma.

Results

Lysosomal function is enhanced during eosinophil activation
We initially noticed that lysosome-associated membrane proteins and
v-ATPases are highly expressed in eosinophils within the HPA database
(Supplementary Fig. 1A-D), indicating potential specific functions of
lysosomes in eosinophils. To explore this further, we conducted a
transcriptomic analysis of activated eosinophils”®, with a particular
focus on lysosomal function. Eosinophils were isolated from the per-
ipheral blood of Cd3&-/5 transgenic (/5 Tg) mice (Supplementary
Fig. 2A, B) and stimulated with IL33, an alarmin secreted by airway
epithelial cells in response to allergen exposure. IL33 is known to
mediate T2 inflammation and can activate eosinophils®®*. Compared to
controls, we observed a decrease in primary lysosomes and an increase
in secondary lysosomes in activated eosinophils (Fig. 1A). Primary
lysosomes contain hydrolytic enzymes in an inactive form. Upon
encountering substrates, these lysosomes fuse with other vesicles to

form secondary lysosomes, wherein the enzymes become active and
facilitate digestion. Thus, this transcriptomic analysis indicated poten-
tial abnormalities in lysosomal function during eosinophil activation.

Then, we analyzed the number, acidity, and hydrolases of lyso-
somes in eosinophils. We observed no change in LAMP1 and LAMP2
expression upon activation (Supplementary Fig. 2C-G), whereas lyso-
somal acidity was found to be increased (Fig. 1B, C). Given the role of
v-ATPases in maintaining an acidic pH, we measured and confirmed
elevated expression of intracellular v-ATPases in activated eosinophils
(Fig. 1D). Further analysis revealed a significant increase in mature
CTSL levels, while the level of other lysosomal enzymes remained
relatively stable (Fig. 1D, E, and Supplementary Fig. 2G). Exposure of
eosinophils to a T2 cytokine cocktail (IL4, IL33, and granulocyte-
macrophage colony-stimulating factor [GM-CSF]) yielded comparable
results to those observed with IL33 alone (Supplementary Fig. 3A-E).
Inhibition of v-ATPase activity resulted in decreased lysosomal acidity
and reduced CTSL activity during eosinophil activation (Fig. 1F, G),
indicating that both v-ATPases and the lysosomal acidity are crucial for
promoting CTSL activity in activated eosinophils. To clarify, treatment
with the inhibitors described herein and below, as well as the deletion
of Ctsl, did not induce degranulation (Supplementary Fig. 4A, B), cell
death (Supplementary Fig. 4C, D), or eosinophil ETosis (Supplemen-
tary Fig. 4E-G). We further investigated lysosomal function by asses-
sing the degradation of the epidermal growth factor receptor (EGFR).
Under basal conditions, EGFR is localized on the cell surface. Upon EGF
treatment, EGFR undergoes internalization and subsequent degrada-
tion. Notably, IL33-treated eosinophils exhibited enhanced EGFR
degradation (Fig. 1H). Similarly, IL33-activated eosinophils derived
from human peripheral blood (Supplementary Fig. 5A, B) exhibited
enhanced lysosomal acidity and CTSL activity, without changes in
LAMP1 and LAMP2 levels (Fig. 11, J, and Supplementary Fig. 2H, I).

Furthermore, we examined alterations of eosinophil lysosomes in
house dust mite (HDM) -induced mouse models of asthma (Supple-
mentary Fig. 6A). Following HDM exposure, the number of eosinophils
in lung tissue was increased significantly (Supplementary Fig. 6B, C).
Consistent with the in vitro observations, LAMP1 and LAMP2 levels
remained unchanged (Supplementary Fig. 2J, K), while lysosomal
acidity and CTSL activity were notably increased in eosinophils
(Fig. IK-M).

It is worth noting that eosinophils from /[5 Tg mice are chronically
exposed to high concentrations of IL5, which can regulate Siglec-F
expression”’. Therefore, we compared these eosinophils with those
sorted from wild-type mice (Supplementary Fig. 7A). Interestingly, the
data indicated that the secretion of T2 cytokines (IL4 and IL13) was
increased in naive eosinophils treated with a mix of IL33 and IL5,
whereas little to no T2 cytokines were detected when stimulated with
IL33 or IL5 alone (Supplementary Fig. 7B, C). However, substantial
amounts of T2 cytokines were secreted upon IL33 stimulation alone in
eosinophils from /[5 Tg mice (Supplementary Fig. 7D, E). Additionally,
no notable differences were found in the secretion of IL4 and IL13
between naive and /I5 Tg mouse-derived eosinophils under baseline
conditions or following ILS stimulation (Supplementary Fig. 7F, G).
These findings demonstrate that eosinophils are activated by IL33 and
further significantly enhanced under IL5 primed conditions. Similarly,
lysosomal acidity and CTSL activity were elevated in naive eosinophils
under combination stimulation with IL5 and IL33 (Supplementary
Fig. 7H, I). Therefore, due to the difficulty in isolating naive eosinophils
and the challenges associated with supporting large-scale in vitro
experiments, we opted to used IL33 to activate eosinophils from /[5Tg
mice in subsequent experiments.

Taken together, these findings confirm that lysosomal acidity and
CTSL activity are elevated in activated eosinophils during allergic air-
way inflammation.
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Elevated lysosomal acidity and CTSL activity promote eosino-
phil activation

To investigate the role of lysosomal function in eosinophil activation,
we assessed the expression and secretion of T2 cytokines, as well as the
expression of CD69 and intercellular cell adhesion molecule-1 (ICAM-1)
in IL33-stimulated eosinophils. Inhibition of v-ATPases reduced lyso-
somal acidity and significantly lowered IL4, IL13, CD69 and ICAM-1

levels under inflammatory conditions (Fig. 2A-D, and Supplementary
Fig. 8A, B). Both E64D, a broad-spectrum cysteine protease inhibitor,
and SID26681509, a selective CTSL inhibitor, suppressed the expres-
sion and secretion of T2 cytokines, as well as the expression of CD69
and ICAM-1 in activated eosinophils (Fig. 2E-L). Ctsl-deficient eosino-
phils (Ctsl " crossed with eoCre mice) (Supplementary Fig. 9A-C)
also exhibited similar reductions following IL33 stimulation (Fig. 2M-P,
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Fig. 1| Lysosomal function is enhanced during eosinophil activation in allergic
airway inflammation. A-H Eosinophils were isolated from the peripheral blood of
1I5 Tg mice. A Gene Ontology (GO)-based gene set enrichment analysis (GSEA) of
eosinophils treated with or without IL33 (20 ng/ml) for 8 h (Kolmogorov-Smirnov
statistic, 1000 permutations, two-sided; P values adjusted by FDR). B, C Acidity of
lysosomes in eosinophils treated with IL33 (20 ng/ml) for 0, 2, 4, and 8 h (n=3
biological replicates). Scale bars, 10 um. D Protein expression of V-ATPase H,
V-ATPase D, and Cathepsin L (CTSL) in eosinophils treated with IL33 (20 ng/ml) for
0,2, 4, and 8 h. E CTSL enzyme activity in eosinophils treated with IL33 (20 ng/ml)
for 0, 2, 4, and 8 h (n=3 biological replicates). F, G Lysosomal acidity and CTSL
enzyme activity in eosinophils treated with IL33 (20 ng/ml) in the presence or
absence of 0.5 uM KM91104, 10 nM Bafilomycin Al (BafAl), 100 nM Concanamycin
A (Con. A) for 8 h (n =3 biological replicates). H Protein expression of epidermal

growth factor receptor (EGFR) in eosinophils treated with or without IL33 (20 ng/
ml) for 8 h, and subsequently incubated with or without EGF (100 ng/ml).

1, J Lysosomal acidity and CTSL enzyme activity in eosinophils isolated from per-
ipheral blood of patients with asthma and treated with or without IL33 (100 ng/ml)
for 8 h (n =3 biological replicates). K, L Lysosomal acidity and CTSL enzyme activity
in eosinophils from lung tissues of C57BL/6 mice after house dust mite (HDM) (n=6
biological replicates) or saline (n =5 biological replicates) intratracheal instillation.
M Representative immunofluorescence images of eosinophil peroxidase (EPX,
green), CTSL (red), and nuclei (DAPI, blue) in lung tissues from HDM or saline-
treated mice. Scale bars, 10 pm and 5 pm. Data presented are representative of
three independent experiments and shown as mean + SEM. Statistical analyses were
calculated using one-way ANOVA with Sidak’s multiple comparisons test

(B, E, F, and G) and two-sided unpaired Student’s ¢ test (I-L).

and Supplementary Fig. 8C, D). Correspondingly, inhibition of lyso-
somal acidity or CTSL activity in activated human eosinophils led to
decreased production of T2 cytokines (Fig. 2Q-T). However, selective
inhibition of CTSB, CTSK, or CTSZ showed no effect on eosinophil
activation (Supplementary Fig. 8E-J).

T2 cytokines induce the activation of nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB), signal transducer and
activator of transcription (STAT1), and STAT6%. The phosphorylation
of STAT6, NF-kB p65 and IkBa was augmented in activated eosinophils
(no band was detected for p-STATI1). Treatment with a CTSL inhibitor
reduced p-STAT6 levels, with no significant changes in the phos-
phorylation of NF-kB p65 and IkBa (Supplementary Fig. 10A). Fur-
thermore, inhibition of STAT6 phosphorylation effectively
downregulated the secretion of T2 cytokines, as well as the expression
of CD69 and ICAM-1 in activated eosinophils (Supplementary
Fig. 10B-E).

Collectively, these findings suggest that enhanced lysosomal
acidity and CTSL activity may promote eosinophil activation, poten-
tially through the STAT®6 signaling pathway.

CTSL facilitates eosinophil activation in allergic airway inflam-
mation in vivo

To further investigate the role of eosinophil CTSL in asthmatic airway
inflammation, we developed an HDM mouse model using eosinophil-
specific Ctsl-deficient mice. Deletion of Cts! in eosinophils led to a
significant reduction in the total cell counts and eosinophil counts in
bronchoalveolar lavage (BAL) fluid (Fig. 3A), as well as a decrease in the
expression of T2 cytokines /4, /I5, and /(13 in lung tissues (Fig. 3B).
Histological examination using Hematoxylin and Eosin (H&E) and
periodic acid-Schiff (PAS) staining revealed a marked reduction in the
infiltration of inflammatory cells and mucus secretion around the air-
ways (Fig. 3C-F). Reduced airway hyperresponsiveness (AHR) was also
observed (Fig. 3G). Furthermore, intraperitoneal injection of
SID26681509 to inhibit the CTSL activity in vivo significantly alleviated
HDM-induced allergic airway inflammation and AHR (Fig. 3H-N).
Notably, the absence of Cts! had no effect on eosinophil development
both at baseline and upon allergen provocation in the bone marrow
(Supplementary Fig. 11A). Furthermore, neither Ctsl deficiency nor
SID26681509 treatment impaired the development of bone marrow-
derived eosinophils (Supplementary Fig. 11B, C) Thus, CTSL aggravates
allergic airway inflammation by promoting eosinophil activation.

CTSL enhances the enzymatic activity of ARG1 during eosinophil
activation

To further elucidate the detailed mechanisms by which CTSL pro-
motes eosinophil activation, we conducted a transcriptomic analysis.
The data revealed significant changes in the expression of 855 genes in
eosinophils following IL33 stimulation, with 389 genes upregulated
and 466 downregulated. Additionally, 854 genes were altered after
treatment with SID26681509, with 488 genes upregulated and 366

downregulated. Gene Ontology (GO) and pathway enrichment ana-
lyses revealed that these differentially expressed genes (DEGs) were
predominantly associated with immune and defense responses, signal
transduction, and metabolic processes (Supplementary Fig. 12A, B).
Venn diagram analysis identified 212 DEGs that were commonly regu-
lated by IL33 stimulation and subsequently reversed or modulated
upon CTSL inhibition (Supplementary Fig. 12C). Notably, arginine
metabolic processes were significantly enriched in IL33-stimulated
eosinophils, and this enrichment was attenuated by SID26681509
treatment (Supplementary Fig. 12D). Further focused analysis revealed
that among genes involved in arginine metabolism, only three were
highly expressed in eosinophils (Supplementary Table 1), with Argl
being the only gene whose expression pattern mirrored the observed
metabolic changes. Specifically, Argl mRNA levels were significantly
upregulated following IL33 stimulation and markedly reduced upon
CTSL inhibition (Fig. 4A). ARG is a critical enzyme in the arginine
metabolism pathway, which is known to be associated with asthma
inflammation®*2°, In IL33-stimulated eosinophils, ARG1 expression was
increased, while it was markedly decreased upon treatment with
SID26681509 or deletion of Cts! (Fig. 4B-E). Elevated ARGl levels were
also observed in activated eosinophils from human samples and HDM-
induced mouse models (Fig. 4F-H).

ARGl1 predominantly localizes in the cytoplasm and intracellular
granules”’. We observed partial distribution of ARG1 within the lyso-
somes of eosinophils (Supplementary Fig. 13A). Immunofluorescence
co-localization studies showed an increased intracellular distribution
and partial co-localization of CTSL and ARG1 following IL33 stimulation
in eosinophils (Fig. 41). Additionally, proximity ligation assays (PLA)
suggested a potential interaction between CTSL and ARGI (Fig. 4)). To
further investigate this interaction, we performed co-
immunoprecipitation experiments using plasmids encoding hemag-
glutinin (HA)-tagged CTSL and Flag-tagged ARGI, which were co-
transfected into HEK293T cells. The results showed that anti-HA anti-
bodies immunoprecipitated Flag-ARGl, and anti-Flag antibodies
immunoprecipitated HA-CTSL (Fig. 4K, L).

Besides, we observed increased arginase activity in IL33-
stimulated eosinophils, which was reduced following the inhibition
and knockdown of CTSL (Fig. 4M, N). Collectively, our data suggest
that in activated eosinophils, CTSL promotes ARG1 expression and
interacts with it, leading to elevated ARG1 enzymatic activity.

ARGI enhances eosinophil activation in allergic airway
inflammation

To investigate the role of ARGI in eosinophil activation, we applied
ARGl inhibitors, nor-NOHA and BEC, to eosinophils in vitro. We first
confirmed that these inhibitors effectively suppressed ARGI activity
(Fig. 5A). Then, we found that inhibition of ARGI activity significantly
reduced the secretion of inflammatory cytokines, as well as the
expression of CD69 and ICAM-1 in IL33-stimulated eosinophils in vitro
(Fig. 5B-E). Additionally, intratracheal administration of nor-NOHA
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Fig. 2 | Elevated lysosomal acidity and CTSL activity promote eosinophil
activation. A-L Eosinophils were isolated from the peripheral blood of /5 Tg mice
and treated with or without IL33 (20 ng/ml) for 8 h. ELISA analysis (n =3 biological
replicates) of culture supernatants for IL4 and IL13, and flow cytometry analysis
(n=3 biological replicates) for CD69 and intercellular cell adhesion molecule-1
(ICAM-1) expression on eosinophils incubated with or without 100 nM Con. A
(A-D), 50 uM E64D (E-H), and 50 uM SID26681509 (I-L). M-P Eosinophils were
differentiated from bone marrow of sex-matched control and Ctsl *** mice and
treated with or without IL33 (20 ng/ml) for 8 h. ELISA analysis (n =3 biological

Control SID26681509 Control SID26681509

replicates) of culture supernatants for IL4 (M) and IL13 (N), and flow cytometry
analysis (n =3 biological replicates) for CD69 (0) and ICAM-1 (P) expression on
eosinophils. Q-T Eosinophils were isolated from the peripheral blood of patients
with asthma and treated with or without IL33 (100 ng/ml) for 8 h. ELISA analysis
(n=3 biological replicates) of culture supernatants from eosinophils incubated
with or without 100 nM Con. A (Q and R), 50 uM SID26681509 (S and T) for IL4 and
IL13. Data presented are representative of three independent experiments and
shown as mean + SEM. Statistical analyses were calculated using two-way ANOVA
with Sidak’s multiple comparisons test.

markedly alleviated HDM-induced allergic airway inflammation in vivo
(Fig. 5SF-K). And nor-NOHA had no influence on bone marrow-derived
eosinophil differentiation and maturation (Supplementary Fig. 14A).
These results suggest that ARGI positively regulates eosinophil acti-
vation, thereby exacerbating allergic airway inflammation.

CTSL promotes eosinophil activation by enhancing arginine
metabolism

To determine whether CTSL facilitates eosinophil activation through
ARG], we overexpressed ARGl in eosinophils (Supplementary Fig. 15A).
In IL33-stimulated eosinophils, ARG1 overexpression exacerbated

cytokine secretion and reversed the anti-activation effects induced by
CTSL inhibitor SID26681509 (Fig. 6A). Besides, treatment with
recombinant ARGI protein had similar effects on promoting eosino-
phil activation, which were blocked by the ARGI inhibitor nor-NOHA
(Fig. 6B). Recombinant ARGI also reversed the protective effects
observed in IL33-stimulated Cst/ knockdown eosinophils (Fig. 6C, and
Supplementary Fig. 15B). These data demonstrate that CTSL promotes
eosinophil activation through an ARG1-dependent mechanism.

Given the involvement of ARGI in arginine metabolism (Supple-
mentary Fig. 16A) and the enhanced arginine metabolic processes
during eosinophil activation (Supplementary Fig. 12D), we further
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investigated changes in intracellular arginine and its metabolic pro-
ducts. Upon IL33 stimulation, eosinophils exhibited a marked decrease
inintracellular arginine levels, accompanied by a significant increase in
intracellular ornithine levels. (Fig. 6D, E). However, the expression of
inducible nitric oxide synthase (iNOS), as well as the levels of citrulline
and nitric oxide (NO), remained unchanged (supplementary

T T T T T
PBS 6.25 125 25 50
Methacholine dose (mg/ml)

Fig. 16B-D). The downstream metabolites of ornithine, including
proline, and polyamines (putrescine, spermidine, and spermine) also
showed no significant changes (supplementary Fig. 16E-I). Consistent
with the intracellular findings, plasma arginine levels were significantly
lower in asthmatic patients compared to healthy controls (Supple-
mentary Fig. 16J), whereas plasma ornithine levels were significantly
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Fig. 3 | Deficiency or inhibition of CTSL in eosinophils attenuates allergic air-
way inflammation in vivo. A-G Cts! ** mice and their littermate controls were
intratracheally instilled with 100 ug of HDM on days 0, 7, and 14 (Control-NS, n=4
biological replicates; Control-HDM, n =5 biological replicates; Ctsl **-NS, n=4
biological replicates; Ctsl *°*-HDM, n = 6 biological replicates). H-N C57BL/6 mice
were intratracheally instilled with 100 pg of HDM on days 0, 7, and 14. SID26681509
was administered via intraperitoneal injection at a dose of 10 mg/kg on days 7,9, 11,
13, and 15 (Control-NS, n =5 biological replicates; Control-HDM, n =5 biological
replicates; SID26681509-NS, n = 4 biological replicates; SID26681509-HDM, n=6

biological replicates). A, H The count of inflammatory cells in BAL fluid from mice.
B, I The mRNA levels of //4, II5, and /l13 in lung tissues analyzed by RT-qPCR.

C,J Representative Hematoxylin and Eosin (H&E) stained lung tissue sections from
mice. Scale bars, 200 um. D, K Histological inflammatory scores from H&E images.
E, L Representative periodic acid-Schiff (PAS)-stained lung tissue sections from
mice. Scale bars, 100 um. F, M PAS scores. G, N Airway hyperresponsiveness (AHR)
in response to methacholine. Data are shown as mean + SEM. Statistical analyses
were calculated using two-way ANOVA with Sidak’s multiple comparisons test.

elevated (Supplementary Fig. 16K). Nevertheless, citrulline levels
showed no significant differences between the two groups (Supple-
mentary Fig. 16L).

Notably, treatment with SID26681509 restored intracellular orni-
thine levels in IL33-activated eosinophils to baseline (Fig. 6E). Sup-
plementation with ornithine exacerbated cytokine secretion and
reversed the protective effects of SID26681509 against eosinophil
activation (Fig. 6F, G). Ornithine supplementation also partially
reversed the effects of CTSL or ARGI inhibitors on reducing STAT6
phosphorylation (Supplementary Fig. 17A-C).

Collectively, these observations support that CTSL enhances
arginine metabolism by increasing ARGI activity, thereby promoting
eosinophil activation.

Lysosomal acidity and CTSL activity correlate with asthma
severity

Finally, to determine whether lysosomal function in eosinophils con-
tributes to the severity of asthma, we examined LAMP1 and LAMP2
levels, lysosomal acidity, CTSL activity, and ARG1 levels in samples
from two separate cohorts of asthmatic patients and healthy controls
(Supplementary Table 2). Eosinophils were identified as SSC ', Siglec-
8" cells (Supplementary Fig. 18A, B). The results revealed that eosino-
phils from asthmatic patients exhibited increased lysosomal acidity,
CTSL activity, and ARGl levels without alteration in LAMP1 and LAMP2
expression (Fig. 7A-E). Furthermore, we performed pulmonary func-
tion testing (Supplementary Table 2) on the patients and demon-
strated that lysosomal acidity of eosinophils correlated inversely with
forced expiratory volume in one second (FEV;) percent predicted and
FEVy/forced vital capacity (FVC) (Fig. 7F, G). CTSL activity also showed
an inverse correlation with FEV; percent predicted and FEVy/FVC
(Fig. 7H, I). Thus, eosinophil lysosomal acidity and CTSL activity may
serve as indicators of asthma severity.

Discussion

Eosinophils are leukocytes characterized by their granule-containing
structures, which have been identified as lysosome-like organelles®’.
The enrichment of lysosome-associated membrane proteins and
v-ATPases in eosinophils underscores the potential significance of
lysosomes in maintaining eosinophil function. Here, our study unveils
that lysosomal acidity and CTSL play pivotal roles in eosinophil acti-
vation during allergic airway inflammation, and reveals that CTSL
reshapes arginine metabolic homeostasis by enhancing ARGI activity,
thereby promoting eosinophil activation. Furthermore, lysosomal
acidity and CTSL activity correlate with disease severity in individuals
with asthma.

Lysosomal acidity is primarily maintained by proton pumps,
particularly v-ATPases, which lower the internal pH by transporting
protons into the lysosome’?, Disruption of lysosomal acidity has been
implicated in various inflammatory conditions. In mature dendritic
cells (DCs), activation of the vacuolar proton pump enhances lysoso-
mal acidification and promotes the formation of peptide-MHC class Il
complexes®. Moreover, lysosomal acidification in DCs facilitates pro-
tease maturation and determines the cleavage and activation of Toll-
like receptor (TLR) 7, leading to the production of pro-inflammatory

cytokines®. In microglia, disruption of Transcription factor EB (TFEB)-
v-ATPase signaling impairs lysosomal function and results in failure of
microglial activation in tauopathy?. Similarly, our results indicate that
lysosomal acidification promotes eosinophil activation by upregulat-
ing v-ATPases expression, thereby exacerbating airway inflammation
in asthma.

Lysosomal acidification significantly impacts the activity of acidic
hydrolases, including cathepsins, which are essential components and
functional executors within lysosomes. Cathepsins regulate inflam-
matory processes and play a significant role in the immune
response® . A recent study has shown that CTSB in macrophages
mediates the activation of NLRP3 Inflammasome, contributing to sys-
temic inflammation and severity of pancreatitis®. Elevated pulmonary
concentrations and activity of CTSS can exacerbate acute respiratory
distress syndrome®. Eosinophil-derived CTSL has also been shown to
promote pulmonary matrix destruction and emphysema'®. Notably,
CTSL expression is downregulated in the airway epithelium of asth-
matic patients®”’, and genome-wide association analyses reveal that
increased ECP levels in asthmatic eosinophils are associated with
decreased CTSL expression®®. However, our observations challenge
the role of CTSL in eosinophils among asthmatic patients, suggesting a
need for further investigation into the function of CTSL in these cells.
Through genetic knockout and selective inhibition of CTSL in eosi-
nophils, we observed a pronounced suppression of eosinophil acti-
vation and attenuation of airway inflammation, underscoring the
critical role of CTSL in regulating eosinophil activation in asthma.

Cathepsins are critical for various biological processes, including
cell metabolism, protein degradation, and cleavage. Additionally,
studies have shown that cathepsins modulate signaling pathways®. For
instance, CTSB and CTSS can activate nuclear p65-NF-kB and NF-kB-
dependent gene expression in LPS-challenged cells*®. CTSS inhibition
blocks the TLR2-mediated p38 mitogen-activated protein kinase sig-
naling pathway*. In our study, we demonstrate that CTSL promotes
eosinophil activation by upregulating the enzymatic activity of ARGL.
Further investigation is needed to elucidate the regulatory pathways
through which CTSL modulates ARGl expression. Traditionally,
cathepsins have been recognized as proteolytic enzymes that primarily
involved in protein degradation. However, recent research has
revealed an alternative mechanism where CTSS interacts with and
cleaves neutrophil extracellular traps (NETs)-associated ARG, thereby
enhancing its enzymatic activity*. This suggests that cathepsins may
possess diverse functional roles. Consistent with this, our findings
indicate that CTSL enhances ARG1 activity by increasing its expression
and interacting with it in lysosomes.

Increased ARGI activity is linked to immune system dysfunction.
Studies show that macrophages and neutrophils can inhibit T cell
function by consuming arginine via ARGI, thereby regulating the
immune response****, ARG activity within CD4" T cells influences the
kinetics of the T helper 1 (Thl) lifecycle and contributes to tissue
pathology in influenza infection*’. Moreover, ARG1 plays a key role in
the polarization of macrophages and neutrophils*®*’. Additionally,
ARGI has been implicated in the pathophysiology of asthma*®. Ele-
vated arginase activity contributes to decreased arginine levels,
resulting in hyperreactive airways***°. However, no studies have
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specifically examined the role of ARG in eosinophil activation during
asthma. Our results show that ARGI expression is upregulated in
eosinophils from asthmatic patients or HDM-induced mice due to
elevated CTSL activity, and that ARG1 contributes to eosinophil acti-
vation. Previous studies suggest that the expression of ARGI is upre-
gulated through IL4/IL13-STAT6 pathway and IL6/IL10/G-CSF-STAT3
pathway in macrophages® . These cytokines significantly affect the
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production of ARGI. Our study reveals that ARGl can conversely
enhance the expression and secretion of T2 cytokines in activated
eosinophils. Inhibition of ARG1 markedly suppressed eosinophil acti-
vation in vivo and in vitro. Overexpression of ARG1 and recombinant
protein intervention in eosinophils with CTSL knockout or inhibition
further clarifies the regulatory role of CTSL on ARGI in eosinophil
activation.
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Fig. 4 | CTSL regulates ARGI expression and interacts with ARG1 during eosi-
nophil activation. A-C, J, M Eosinophils were isolated from the peripheral blood of
1I5 Tg mice and treated with or without IL33 (20 ng/ml) for 8 h. A The volcano plot
of differentially expressed genes (DEGs) in eosinophils incubated with or without
50 uM SID26681509 through RNA sequencing analysis. RT-qPCR (B) and immuno-
blotting (C) in eosinophils (n =3 biological replicates) incubated with or without
50 uM SID26681509 for arginase 1 (ARG1). D, E Eosinophils were differentiated from
bone marrow of sex-matched control and Ctsl *** mice and treated with or without
IL33 (20 ng/ml) for 8 h. RT-qPCR (D) and immunoblotting (E) in eosinophils for
ARGl (n =3 biological replicates). F ARG1 expression in eosinophils isolated from
peripheral blood of patients with asthma and treated with or without IL33 (100 ng/
ml) for 8 h (n =3 biological replicates). G ARG1 expression in eosinophils from lung
tissues of mice after HDM (n = 6 biological replicates) or saline (n =5 biological
replicates) intratracheal instillation. H Representative immunofluorescence images

of EPX (green), ARGl (red), and nuclei (DAPI, blue) in lung tissues. Scale bars, 10 pm.
I Representative immunofluorescence images of CTSL (green), ARG1 (red), and
nuclei (DAPI, blue) in eosinophils treated with IL33 (20 ng/ml) for 0, 2, 4, and 8 h.
Scale bars, 5 um and 3 pm. J Spatial approximation of CTSL with ARG1 by proximity
ligation assay (PLA). Red, proximity ligation-positive signals. Negative control
without primary antibodies. Scale bars, 2 pm. HEK293T cells were transfected with
Flag-labeled ARGI1 and HA-labeled CTSL for 48 h. Cell lysates were immunopreci-
pitated with anti-Flag (K) or anti-HA (L) and subjected to immunoblotting.

M Arginase activity in eosinophils with or without 50 uM SID26681509 (n =3 bio-
logical replicates). N Arginase activity in eosinophils differentiated from bone
marrow of sex-matched control and Cts/ *°* mice and treated with or without IL33
(20 ng/ml) for 8 h (n = 3 biological replicates). Data presented are representative of
three independent experiments and shown as mean + SEM. Statistical analyses were
calculated using two-way ANOVA with Sidak’s multiple comparisons test.
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Fig. 5 | ARG1 promotes eosinophil activation in allergic airway inflammation
in vitro and in vivo. A-E Eosinophils were isolated from the peripheral blood of /[5
Tg mice and treated with or without IL33 (20 ng/ml) for 8 h. A Arginase activity in
eosinophils with or without 20 uM nor-NOHA and 20 uM BEC (n =3 biological
replicates). B, C ELISA analysis (n =3 biological replicates) of culture supernatants
from eosinophils incubated with or without 20 uM nor-NOHA and 20 uM BEC for
IL4 (B) and IL13 (C). D, E Flow cytometry (n =3 biological replicates) analysis for
CD69 (D) and ICAM-1 (E) expression on eosinophils with or without 20 uM nor-
NOHA and 20 uM BEC. F-K C57BL/6 mice were intratracheally instilled with 100 pg
of HDM on days 0, 7, and 14. Saline or nor-NOHA was administered via intratracheal
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instillation at a dose of 4 mg/kg on days 14, 15, and 16 (Control-NS, n = 3 biological
replicates; Control-HDM, n = 6 biological replicates; nor-NOHA-NS, n = 4 biological
replicates; nor-NOHA-HDM, n = 6 biological replicates). F The count of inflamma-
tory cells in BAL fluid from mice. G The mRNA levels of //4, /5, and /l13 in lung tissues
analyzed by RT-qPCR. H Representative H&E stained lung tissue sections from
mice. Scale bars, 200 um. I Histological inflammatory scores from H&E images.

J Representative PAS-stained lung tissue sections from mice. Scale bars, 100 um.
K PAS scores. Data presented are representative of three independent experiments
shown as mean + SEM. Statistical analyses were calculated using two-way ANOVA
with Sidak’s multiple comparisons test.

Arginine metabolism plays a crucial role in modulating the
inflammatory responses of various immune cells, including macro-
phages and T cells’**. Notably, ARGl is a key enzyme in the arginine
metabolic pathway, converting arginine into ornithine and urea. In our
study, IL33-activated eosinophils exhibited reduced intracellular argi-
nine and increased ornithine levels, indicating enhanced ARG activity.

Consistently, plasma from asthmatic patients showed decreased argi-
nine and elevated ornithine levels compared to healthy controls. These
parallel findings suggest that eosinophil ARG1 activity may contribute
not only to local metabolic changes but also to systemic alterations in
arginine metabolite levels. Moreover, the metabolite ornithine is
believed to contribute to cell proliferation, collagen formation, and
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Fig. 6 | CTSL promotes eosinophil activation by enhancing arginine metabo-
lism via ARGL. A, B, D-G Eosinophils were isolated from the peripheral blood of /5
Tg mice and treated with or without IL33 (20 ng/ml) and 50 uM SID26681509 for
8 h. A ELISA analysis (n =3 biological replicates) of culture supernatants from
eosinophils with or without ARG1 overexpression for IL4 and IL13. B ELISA analysis
(n=3 biological replicates) of culture supernatants from eosinophils in the pre-
sence or absence of ARGI protein (2 pg/ml) and 20 uM nor-NOHA for IL4 and IL13.
C Eosinophils were isolated from the peripheral blood of control and Ctsl ** IS Tg

SID26681509 - - +

mice. ELISA analysis (n =3 biological replicates) of culture supernatants from
eosinophils in the presence or absence of ARGI protein. D, E Concentrations of
arginine and ornithine in eosinophils (n =5 biological replicates). F, G ELISA ana-
lysis (n =3 biological replicates) of culture supernatants from eosinophils in the
presence or absence of ornithine (5 mM). Data presented are representative of
three independent experiments and shown as mean + SEM. Statistical analyses
were calculated using two-way ANOVA with Sidak’s multiple comparisons test.

immune responses*®. Specifically, ornithine has distinct roles in various
inflammatory contexts. It enhances the production of anti-
inflammatory factors in macrophages®. Elevated ornithine levels
have been associated with the suppression of virus-specific CD8" T cell
responses’®. Our findings further indicate that ornithine can promote
eosinophil activation. Additionally, arginine can be converted into
citrulline and NO via NOS. In our study, no changes in iNOS, citrulline,
and NO levels were observed in activated eosinophils, suggesting that
the regulation of arginine levels is primarily mediated by ARGI.

In conclusion, our findings elucidate a role of CTSL in promoting
eosinophil activation by modulating arginine metabolism through
elevated ARGI activity. These insights highlight CTSL as a potential
therapeutic target for managing asthmatic inflammation, warranting
further exploration in clinical settings.

Methods

This study complies with all relevant animal procedures and ethical
regulations. All human-related studies were approved by the Ethics
Committee for Human Studies of the Second Affiliated Hospital of
Zhejiang University School of Medicine (2022-1043). All animal
experiments were strictly conducted following the protocols

approved by the Ethics Committee for Animal Studies at Zhejiang
University, China.

Human study

Asthma diagnosis was conducted according to the Global Initiative on
Asthma (GINA) guidelines'. We included asthmatic patients aged 18-70
years. Exclusion criteria included the presence of other respiratory
diseases such as COPD, upper or lower respiratory tract infections,
related symptoms, and lung cancer. A total of twenty-three asthmatic
patients and thirteen healthy volunteers were recruited from the
Second Affiliated Hospital of Zhejiang University School of Medicine.
Informed consent was obtained from all participants prior to inclusion
in the study. Participants received a small monetary stipend. The
clinical characteristics of the participants are detailed in Supplemen-
tary Table 2. The information for gender was not statistically significant
between disease and control groups.

Mice

C57BL/6 mice were purchased from Shanghai SLAC Laboratory Animal
Co., Ltd. (Shanghai, China). Cts{"*%* mice were generated by Cyagen
(Jiangsu, China). /I5 Tg and Epx-Cre (eoCre) mice were gifts from the
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Fig. 7 | Lysosomal function and ARGI increases in activated eosinophils, and
lysosomal acidity, CTSL activity correlate with disease severity in humans.
A-1 Granulocytes were isolated from the peripheral blood of healthy volunteers
(n=13) and asthmatic patients (n =23). Lysosome-associated membrane protein
(LAMP) 1 (A) and LAMP2 (B) expression, lysosomes acidity (C), CTSL enzyme
activity (D), and ARGI expression (E) in eosinophils. Spearman correlations
between lysosomal acidity and forced expiratory volume in one second (FEV;) %

pred (F), and FEV,/ forced vital capacity (FVC) (%) (G). Spearman correlations
between CTSL enzyme activity and FEV; % pred (H), and FEV//FVC (%) (I). Data
presented are shown as mean + SEM (A-E). Statistical analyses were calculated
using two-sided unpaired Student’s ¢ test. Data are combined from two indepen-
dent cohorts of asthmatic patients and healthy controls, with each individual
sample representing a distinct biological replicate.

late Dr. J. J. Lee (Department of Biochemistry and Molecular Biology,
Mayo Clinic, USA). eoCre/Ctsl 7% mice were generated by crossing
the Ctsl ™% mice with eoCre transgenic mice. Age- and sex-matched
littermate animals (eoCre/Ctsl % and Ctsl **) were used in the
experiments. All mice were on a C57BL/6 background and were
maintained under specific-pathogen-free conditions at the Laboratory
Animal Center of Zhejiang University. The dark/light cycle was main-
tained at 12-h light/12-h dark. Ambient temperature was controlled at
20-25°C, with relative humidity maintained at 30-70%. Mice were
housed in individually ventilated cages, with no more than 5 mice in
each cage, and could freely obtain food and water. The genotypes of
the mice were confirmed by PCR analysis.

Animal models

C57BL/6 mice aged 8-10 weeks were used to establish asthma models,
as shown in Supplementary Fig. 6A. Intratracheal instillation of 100 ug
of HDM extract dissolved in 50 ul of saline was administered to the
mice on days 0 and 7. The mice were then challenged on day 14 using
the same method. Control mice received saline alone*. Seventy-two
hours after the final challenge, the mice were euthanized under anes-
thesia followed by cervical dislocation for further analysis. Both male

and female mice were included in our study, and no sex-specific dif-
ferences were observed in the results.

SID26681509 was administered via intraperitoneal injection at a
dose of 10 mg/kg on days 7, 9, 11, 13, and 15. Nor-NOHA was delivered
intratracheally at a dose of 4 mg/kg on days 14, 15, and 16. For control
mice, the corresponding treatments were replaced with vehicle or
saline.

Inflammatory cells in BAL fluid from the left lung were collected
for inflammation evaluation. Cells were counted using a light micro-
scope and identified by Wright-Giemsa staining according to the
manufacturer’s instructions. H&E stained and PAS stained sections
were assigned a score on an arbitrary scale of 0-4, as previously
described, to evaluate the inflammatory situation®.

AHR was determined with airway resistance presented as the
change from baseline measured following challenge with methacho-
line chloride®®.

Isolation of human blood eosinophils

Peripheral blood granulocytes were isolated from participants’ blood
samples using a Percoll density gradient centrifugation. The gradient
consisted of three layers: 80%, 70%, and 60% (v/v) Percoll/synthetic
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medium mixtures, prepared in volumes of 4ml, 3ml, and 2ml,
respectively. Blood samples mixed with PBS (1:1v/v, total volume of
4 ml) were placed onto the upper layer of the 60% Percoll. The tubes
were centrifuged at 800 xg (acceleration 1, deceleration 0) for
30 minutes at room temperature. Granulocytes were collected from
the 70%/80% interface. Eosinophils were then isolated by removing
neutrophils through negative selection using biotin-conjugated anti-
bodies against human CD11b, biotin-conjugated magnetic beads, and
a magnetized MACS Column. The purity of the eosinophils was
assessed by visual examination with Wright-Giemsa staining and gated
as an SSC ", Siglec-8" cell population by flow cytometry analysis. Then
eosinophils were cultured for further use in medium containing rhIL5
(50 ng/ml), an eosinophil survival factor.

Isolation of mouse blood eosinophils
Eosinophils were obtained and purified from the peripheral blood of /I5
Tg or II5 Tg/eoCre/Ctsl ™/ mice. Leucocytes were isolated by Percoll
density gradient separation laid on a four-layer gradient of 80%, 60%,
55% and 50% Percoll. Cells containing eosinophils from the 60%/80%
interface were harvested and washed twice in PBS. Eosinophils were
subsequently isolated by removing the contaminating lymphocytes by
negative selection with biotin-conjugated antibodies for CD45R
(B220), CD4, CD8a, and Ter-119, biotin-conjugated magnetic beads and
a magnetized MACS Column. The purity of the eosinophils was
determined by visual examination of Wright-Giemsa staining and
gated as an SSC ™, Siglec-F* cell population by flow cytometry analysis.
Then, eosinophils were cultured for further use in medium containing
rmGM-CSF (10 ng/ml), an eosinophil survival factor.

Naive eosinophils were obtained from the bone marrow of C57BL/
6 mice. Bone marrow cells were collected by flushing the opened
bones with PBS, using a 26-gauge needle. Erythrocytes were lysed for
3min in 1ml of lysis solution (155mM NH,CI, 10 mM KHCO; and
0.1mM EDTA) followed by adding PBS. After centrifugation, the cells
were washed once in the isolation medium and filtered through a
sterile 40-um nylon cell strainer. Cells were subsequently enriched
with APC-conjugated antibodies for F4/80, APC-conjugated magnetic
beads and a magnetized MACS Column. Then eosinophils were gated
as an SSC ", F4/80", Siglec-F* cell population and purified using a flow
cytometer (Beckman moflo Astrios EQ).

Mouse bone marrow-derived eosinophils differentiation
Eosinophils were differentiated from the bone marrow of sex-matched
8 to 10-week-old mice. Bone marrow cells from control and eoCre/Ctsl
fexfox mice were collected as described above and cultured at a density
of 10° cells/ml in base medium consisting of Iscove’s Modified Dul-
becco’s Medium (IMDM), 20% fetal bovine serum (FBS), 100 U/ml
penicillin/100 pg/ml streptomycin, 2mM L-glutamine, 1 x MEM Non-
Essential Amino Acids, and 1 mM sodium pyruvate, supplemented with
100 ng/ml rmSCF and 100 ng/ml rmFLT3-L from day O to day 4. On day
4, the medium was replaced with fresh base medium supplemented
with 10 ng/ml rmiLS5. On day 8, the cells were moved to new flasks to
remove adherent contaminating cells. On day 12, the eosinophils were
gated as an SSC ™, CD45", F4/80", Siglec-F*, CCR3" cell population by
flow cytometry analysis. Then mature eosinophils were cultured in
medium with rmIL5 (2 ng/ml), an eosinophil survival factor.

Cell culture and treatment

Eosinophils were cultured in RPMI 1640 supplemented with 10% FBS
and 100 U/ml penicillin/100 pg/ml streptomycin. HEK293T cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) High-
Glucose media supplemented with 10% FBS and 100 U/ml penicillin/
100 pg/ml streptomycin. Where indicated, eosinophils were treated
with rmIL33 (20 ng/ml), or rhIL33 (100 ng/ml), KM91104 (0.5 uM),
Bafilomycin Al (BafAl, 10 nM), concanamycin A (Con. A, 100 nM), E64D
(50 uM), SID26681509 (50 uM), nor-NOHA (20 uM), and BEC (20 uM).

Quantitative real-time PCR

Eosinophils and lung homogenates were lysed using RNAiso Plus to
extract total RNA. Reverse transcription was conducted using reagents
from Takara Biotechnology. Quantitative real-time PCR (qRT-PCR) was
then performed to measure gene expression levels using the StepOne
real-time PCR system (Applied Biosystems, Foster City, CA) and TB
Green Premix Ex Taq. All procedures were carried out according to the
manufacturer’s instructions. The primer sequences were shown in
Supplementary Table 3.

Immunoblotting

Protein was extracted from cells using RIPA buffer containing protease
and phosphatase inhibitors. Samples were subjected to electrophor-
esis on 6-15% polyacrylamide gels, followed by immunoblotting with
relevant antibodies using standard methods. Signals were detected by
chemiluminescence using the ChemiDoc Touch Imaging System or
Odyssey DLx. Uncropped and unprocessed scans of the most relevant
blots are provided in the Source Data file.

Flow cytometry

Lung tissues from mice were prepared into single-cell suspensions.
Surface marker antibodies were added appropriately according to the
manufacturer’s instructions, and the samples were incubated for
30 min on ice, protected from light. Flow cytometry data were
acquired using a BD FACSCanto Il flow cytometer (BD Biosciences) and
analyzed with FlowJo software (Becton Dickinson). Mouse eosinophils
were gated as an SSC", CD45*, F4/80", Siglec-F*, CD11c” cell population
after excluding debris, doublets, and autofluorescent cells.

For surface marker, cells were incubated with anti-CD63, anti-
CD69 and anti-ICAM-1 for 30 min in ice. For intracellular LAMP1,
LAMP2, and ARGI detection, the surface staining was followed by cell
fixation and permeabilization of the cell membrane using eBioscience
Intracellular Fixation & Permeabilization Buffer Set. Cells were incu-
bated with anti-LAMP1, anti-LAMP2, and anti-ARGI for 30 min in ice,
washed with PBS and fixed in 1% paraformaldehyde (PFA).

ELISA

Cell samples were centrifuged at 3000 rpm for 10 min, and the
supernatants were collected and stored at —80 °C. The concentrations
of IL4 and IL13 in cell culture supernatants were measured using ELISA
kits according to the manufacturer’s instructions.

Immunofluorescence staining

Paraformaldehyde-fixed and paraffin-embedded lung sections were
prepared and immunostained for EPX antibody (Mayo Clinic), CTSL
antibody, and ARGI antibody following standard methods. Images
were captured using an Olympus IX83-FV3000 confocal inverted
microscope. Eosinophils were fixed and stained with LAMPI1 antibody,
LAMP2 antibody, CTSL antibody, ARG1 and Histone H3 antibody at
4 °C overnight.

Degranulation

Eosinophil degranulation analysis was performed by measuring
CD63 surface expression®. Cells were resuspended in 200 pl of med-
ium at a concentration of 2.5x10° cells/ml and primed with 25 ng/ml
rmGM-CSF for 20 min. In the final 5 min of GM-CSF priming, cytocha-
lasin B (5 pM) was added to the cell suspension. Cells were then acti-
vated with rmC5a (107M, 10°M, 10 M) for 15 min. Subsequently,
CD63 surface expression was measured to assess eosinophil
degranulation.

EGFR degradation

EGFR degradation was assessed by Western Blotting®. Briefly, eosi-
nophils were treated with IL33 for 8 h and then cultured in serum-free
1640 for 2 h. After incubation with 100 ng/ml EGF in serum-free 1640
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for 20 min on ice, the cells were cultured in EGF-free medium for 1 h.
Finally, cells were harvested for analysis of EGFR expression by Wes-
tern Blotting.

RNA-Seq analysis

Total RNA was extracted using Trizol reagent kit according to the
manufacturer’s protocol. RNA quality was assessed using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and
checked using RNase-free agarose gel electrophoresis. The resulting
c¢DNA library was sequenced using Illumina Novaseq6000 by Gene
Denovo Biotechnology Co., Ltd (Guangzhou, China).

Plasmid constructs and transfection

The coding sequences (CDS) of CTSL and ARGI were obtained from
Miaoling Corporation, China. The full-length gene sequence of wild-
type human CTSL was synthesized and subcloned into a pCMV vector,
with an HA tag (YPYDVPDYA) introduced at the C-terminal domain of
CTSL. The human ARGI was synthesized and subcloned into a pLV3
vector, incorporating an N-terminal 3 x Flag tag (DYKDHDGDYKDH-
DIDYKDDDDK) to generate an ARGI fusion protein for enhanced
protein expression.

Recombinant plasmids of CTSL and ARGI were transfected into
HEK293T cells using polyethylenimine (PEI) according to the manu-
facturer’s protocol. Eosinophils were transduced with lentiviral
supernatants from the HEK293T cell line by centrifugal infection.
Overexpression efficiencies were assessed by measuring protein levels
by immunoblotting.

Immunoprecipitation

Cells were collected and suspended in 500 pl lysis buffer containing a
protease inhibitor cocktail. The suspension was incubated with gentle
agitation on ice for 30 min, followed by centrifugation at 12,000 rpm
for 30 min at 4 °C. An aliquot of the supernatant (40 pl) was mixed with
lysis buffer and loading buffer as the input sample. The remaining
supernatant was immunoprecipitated using anti-Flag beads, or anti-HA
beads. After overnight incubation, the beads were washed four times
with PBST buffer (PBS with 0.1% Tween-20), then boiled with 70 pl
loading buffer at 100 °C for 10 min. Proteins were resolved by SDS-
PAGE and analyzed by immunoblotting.

Proximity ligation assay (PLA)

The PLA was conducted using the Duolink In Situ Red Starter Kit
Mouse/Rabbit according to the manufacturer’s instructions. Eosino-
phils were fixed with 4% formaldehyde for 10 min and permeabilized
with 0.1% Triton X-100 in PBS for 5 min. After blocking, the samples
were incubated overnight with antibodies against CTSL and ARGI. The
following day, the samples were incubated with MINUS and PLUS PLA
probes corresponding to the primary antibodies, followed by ligation
with circle-forming DNA oligonucleotides and rolling-circle amplifica-
tion to generate the PLA signal. Finally, samples were mounted with
DAPI-containing Fluoromount-G™ (SouthernBiotech). The slides were
imaged using a confocal microscope (Olympus IX83-FV3000).

Liquid chromatograph-mass spectrometry (LC-MS)
For eosinophil samples, five biological replicates were included in each
group. Cells were thawed at 4°C and mixed with 50 ul of isotope
internal standards and 1ml of cold methanol/acetonitrile/aqueous
solution (2:2:1, v/v). The mixture was then homogenized by low-
temperature sonication (30 min per cycle, repeated twice). Plasma
samples were obtained from 9 healthy controls and 18 asthmatic
patients. A 100 pl aliquot of thawed plasma was mixed with 50 pl of
isotope internal standards and 400 pl of cold methanol/acetonitrile
solution (1:1, v/v), followed by thorough vortex.

The mixture was then incubated at —20 °C for 1 h and centrifuged
for 20 min (14,000 x g, 4 °C). The supernatant was dried in a vacuum

centrifuge. Samples were re-dissolved in 100 pl acetonitrile/water (1:1,
v/v), thoroughly vortexed, and then centrifuged (14,000 xg, 4°C,
15min). The supernatants were collected for LC-MS/MS analysis to
assess the levels of amino acids such as arginine, ornithine, and others.
LC-MS/MS was performed on an Agilent 1290 Infinity UHPLC coupled
to a QTRAP 6500+ mass spectrometer (AB Sciex). Separation was
achieved with a water/acetonitrile gradient containing 25 mM ammo-
nium formate and 0.01% formic acid. MS was operated in positive ESI
mode under multiple reaction monitoring (MRM). Raw data were
converted to mzXML using ProteoWizard MSConvert and processed
with XCMs for peak detection and alignment. Chromatographic peaks
were quantified using MultiQuant, and metabolites were identified by
comparison with authentic standards. The analysis was carried out at
Shanghai Applied Protein Technology Co., Ltd.

Lysosomal pH assay

LysoSensor Green DND-189 was used to trace and detect lysosomal pH.
Cells were stained with 2 uM LysoSensor Green DND-189 in medium
(supplemented with FBS and penicillin-streptomycin) at 37 °C for
30 min. Subsequently, the cells were analyzed using flow cytometry or
immunofluorescence staining.

Analysis of CTSL activity

The CTSL activities of eosinophils were measured using a commer-
cially available kit according to the manufacturer. For cultured eosi-
nophils, cells were stained with Magic Red at a dilution of 1:1000 at
37 °C for 30 min, protected from light. For lung tissue samples, single-
cell suspensions were prepared by removing red blood cells, followed
by staining with Magic Red as described above. After washing with PBS,
surface marker antibodies were added appropriately and the samples
were incubated for 30 min on ice, protected from light. Flow cyto-
metry was then performed for analysis.

Analysis of arginase activity

Arginase activity in eosinophils was measured using the Arginase
Activity Colorimetric Assay Kit, following protocol’s instructions.
Eosinophils were collected in saline, homogenized, and subsequently
centrifuged. The supernatant was then assayed using reagents pro-
vided in the kit.

Analysis of polyamine

Polyamine levels of eosinophils were measured using a commercially
available Total Polyamine Assay Kit, according to the manufacturer’s
instructions. Eosinophils were collected in assay buffer provided with
the kit. The cells were homogenized and centrifuged to remove cel-
lular debris. The supernatant was then analyzed using reagents inclu-
ded in the kit.

Statistical analysis

Data were presented as means = SEM. Statistical analyses were con-
ducted using GraphPad Prism (GraphPad Software, San Diego, CA,
USA). Pearson correlation analysis was used to assess the relationships
between variables. Differences between the two groups were assessed
using the two-sided unpaired Student’s ¢ test, while differences among
multiple groups were evaluated using one-way or two-way ANOVA with
Sidak’s multiple comparisons test. P-values less than 0.05 were con-
sidered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting this study’s findings are available within the article
and its supplementary information. Key resources are shown in
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Supplementary Data 1. The RNA-seq data generated in this study have
been deposited in the Gene Expression Omnibus (GEO) database
under accession code GSE280872. The metabolomics data generated
in this study have been deposited in the MetaboLights database under
accession code MTBLS13001. All other data are available in the article
and its Supplementary files or from the corresponding author upon
request. Source data are provided with this paper.
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