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Altered levels of angiogenin and
tRNA-derived fragments associate
with severe asthma

Clara Claus'?, Julieta B. Grosso®, Maria Belen Maraval?, Matias Ardusso?3,
Oscar A. Bottasso?, Tania Maes*, Ken Bracke*, Guy Brusselle*, Mauro Ibafiez?,
Ledit R. F. Ardusso?3 & Silvana V. Spinelli***

Recent discoveries highlight angiogenin (ANG) and 5’ tRNA-derived fragments as key factors in
stress response and cell survival. To explore their role in asthma pathogenesis, particularly in severe
cases, we evaluated the levels of ANG and 5’ tRNA halves (tRHs) derived from tRNA Glu (5'-tRH

Glu: tRF-32-87R8WPIN1EWIM) and tRNA Gly (5’-tRH Gly: tRF-30-PNR8YP9ILONA4YV), two abundant
tRHs in the respiratory tract, in sputum and blood samples from asthmatic patients. We found ANG
expression is significantly increased in circulating leukocytes from severe asthma patients but not in
sputum infiltrates. On the contrary, tRHs levels showed significant alterations only in extracellular
compartments. Both tRHs were downregulated in the plasma of asthmatic patients, while elevated
5'-tRH Gly levels were observed in severe sputum samples, indicating tissue-specific roles in disease
pathology. Additionally, tRH expression in leukocytes was negatively associated with the disrupted
corticosteroid response in asthmatic patients. Altered levels of ANG and 5’-tRH Glu and 5’-tRH Gly
were further validated in an in vitro model of pollutant-aggravated, allergen-stimulated macrophages.
In summary, our findings provide new insights into the role of ANG and tRHs in asthma pathogenesis,
highlighting their potential as novel markers for asthma phenotyping.
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Asthma is one of the most common lifelong inflammatory diseases, affecting around 300 million people
worldwide. It is characterized by reversible airway obstruction, airway hyperresponsiveness (AHR), together
with inflammation, and structural changes at such levell.

In the past decades, asthma has been increasingly recognized as a complex disease encompassing different
phenotypes and endotypes. The heterogeneity of asthma in terms of onset, natural course and response to
treatment is one of the main obstacles to developing efficient strategies to reduce the global asthma burden®3.

Traditional asthma biomarkers include eosinophils, neutrophils, IgE, periostin, fraction of exhaled nitric
oxide (FeNO), and leukotrienes. It has been shown that the use of biomarkers contributes to a better diagnosis,
predict exacerbations and prompt treatment. In this regard, exhaled air FeNO and blood eosinophils are easily
measurable biomarkers that can be used to monitor patients, although their usefulness in reliably predicting
severe cases is controversialS.

Anti-inflammatory corticosteroids serve as the cornerstone in the management of asthma and are frequently
co-administered with short- or long-acting 2-adrenoceptor agonists, commonly known as bronchodilators’.
These combined therapeutic approaches enable the majority of asthma individuals to effectively control their
symptoms. However, a notable subset of the asthma population, comprising 5-10%, exhibits limited benefit of
glucocorticoid (GC) therapy®. Such GC insensitivity represents a challenge in managing severe asthmatics and
highlights the profound alteration in the physiological stress response of these patients.

Recent findings identified new molecular pathways responsible for regulating cell survival under stress
conditions that involve the ribonuclease angiogenin (ANG) and tRNA derived fragments®!°.

Although tRNAs are primarily known as adapter molecules crucial for translation, growing experimental
evidence suggests that tRNAs are not merely end products but can also serve as sources of functional small
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RNAs. These molecules have recently been linked to a conserved array of biological processes, including gene
regulation in cell metabolism, immune responses, transgenerational inheritance, development, and cancer!""2.
Various studies have shown that the accumulation of tRNA fragments is triggered by a variety of stress stimuli,
such as oxidative stress, heat shock, and UV radiation, but they are also detected under non-stress conditions! 13,
The biogenesis of these fragments involves specific RNA nucleases and is modulated by stress conditions and
RNA modifications through mechanisms that remain not entirely defined!!.

Angiogenin (ANG) is a protein belonging to the RNase A superfamily. Although initially identified in 1985
for its role in inducing angiogenesis, ANG is now recognized for its involvement in a myriad of physiological
and pathological processes'. Intriguingly, the ribonuclease activity of ANG plays a crucial role in many of these
processes, and recent investigations have pinpointed tRNAs as its specific in vivo targets’.

The cleavage of tRNAs by ANG takes place in the anticodon loop, generating tRNA halves of approximately
30-35 nucleotides. Under conditions of cellular stress, ANG migrates from the nucleus to the cytoplasm, leading
to the induction of tRH production and contributing to cell survival. These molecules play biological roles
through a variety of mechanisms by interacting with proteins or mRNA, inhibiting translation, and regulating
gene expression, the cell cycle, and chromatin and epigenetic modifications!®!!°, Interestingly, recent studies by
Dutta and colleagues show that while Angiogenin is responsible for generating many tRNA halves, other as-yet
unidentified endonucleases are also likely involved in their biogenesis'® Moreover, these tRHs are abundantly
found in the extracellular milieu, demonstrating remarkable stability and resistance to degradation despite the
presence of RNases!”18. While the exact role of tRHs in biological fluids remains unclear, several researchers
propose that these molecules may have paracrine or even endocrine functions®.

In recent times, the increased availability of sSRNA-seq techniques has greatly enhanced our understanding of
these molecules. It has become evident that the dysregulation of the levels of tRNA fragments carries substantial
clinical implications across various pathologies?. Of particular significance are those isolated from extracellular
fluids, as this unveils novel possibilities for diagnosis and treatment.

In the context of asthma, different biofluids such as sputum, bronchoalveolar lavage fluid (BALF), and
exhaled breath condensate (EBC) have been investigated for extracellular RNAs. While the predominant focus
in research has been on the roles of microRNAs, long non-coding RNAs, and circular RNAs2L, several reports
indicate that these biofluids contain significant quantities of tRNA-derived fragments, similar to other human
biofluids analyzed to date!®22-24,

In this work, we investigated the role of ANG and tRHs in asthma using sputum and blood samples from
patients, as well as in an in vitro model of pollutant-aggravated allergen stimulation. We observed a significant
increase in ANG expression in circulating leukocytes of severe asthma patients, and altered levels of specific tRHs
in both plasma and sputum, particularly 5°-tRH Glu and 5’-tRH Gly. Our findings highlight the dysregulation
of these molecules in the course of asthma pathogenesis, suggesting their potential use as markers for asthma

phenotyping.

Results

Systemic biomarkers for eosinophilic asthma cannot identify severe patients

To assess the precision of commonly employed markers for asthma phenotyping, we collected both sputum and
blood samples from 40 patients: 13 healthy controls and 27 asthmatics, 13 of which were severe cases according
to GINA guidelines. The characteristics of the population studied are depicted in Table 1. As previously
described*”?>%, eosinophils are elevated in patients compared to healthy controls while IgE levels show high
dispersion samples resulting in no between-group differences (Fig. 1). Interestingly, only eosinophils in sputum
could discriminate mild/moderate from severe asthmatics (Table 1) and their proportions did not correlate with
those from blood (Supplementary Fig. 1). These findings further indicate that blood eosinophilia and atopy have
poor prognostic value to classify asthmatic patients in severity and highlight the need for a deeper understanding
of the disease to identify new tools.

Altered levels of ANG, 5’-tRH Gly and 5’-tRH Glu associates with severe inflammatory
phenotypes

Recent findings highlighted ANG and tRH as novel key players in stress response and cell survival®!°. In our
cohort, we found that ANG expression is significantly increased in circulating leukocytes from patients with
severe asthma, but not in inflammatory infiltrates from sputum (Fig. 2a, b). Similar results were obtained when
we discriminated patients according to sputum inflammatory phenotype, where ANG in circulating leukocytes
showed increased levels in those with eosinophilic infiltrates in sputum, a hallmark of severe patients (Fig. 2c-
d). To validate these data, we conducted Western blot assays to assess protein levels. Our results demonstrated
that ANG protein is predominantly localized in the extracellular space, with intracellular levels being negligible
compared to those detected in plasma. Notably, ANG levels were significantly higher in patients compared to
controls, aligning with the QPCR data (Supplementary Fig. 2).

Regarding tRNA derived fragments, we focused on those with potential applications as non-invasive
biomarkers. In line with this goal, we looked for molecules highly abundant in fluids derived from the respiratory
tract among those already described as potential targets of ANG. Our bioinformatic analysis based on sSRNA-
seq data from the Human Biofluid RNA Atlas®, included only reads that aligned to the human genome. When
specifically analyzing tRNA molecules, we found that 34.22% of the reads in samples of saliva, 31.78% in
sputum and 4.76% in BAL aligned with this category. In all cases, more than 80% of the reads correspond to
fragments of 4 tRNAs: Glu, Gly, Lys and Val (Fig. 3). Among them, we selected Glu and Gly for further studies.
Fragments of these two tRNAs have been well-documented in extracellular fluids, including blood'®*?7, and
their quantification is highly reproducible and cost-effective.
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Screening cohort

Healthy subjets n=13

Patients with mild asthma n=14

Patients with severe asthma n=13

Demographic characteristics

Age, median (min-max) 41 (27-64) 55 (24-68) 51 (26-76)

Sex (M/F) 716 6/8 6/7

IMC (Kg/m?) mean+SD 25.0+3.13 31.6+6.91 30.7+7.66
Spirometry

FEV1 (mL); median (min-max) - 72.0 (46-96) 59.5 (24—85)

FEV1/FVC ratio; median (min-max) - 88.0 (58.0—108) 82.5 (61.0-100)

Reversibility (%); median (min-max) - 8.30 (-0.67-26.0) 7.80 (-3.90-25.8)
Blood leukocyte formula

Lymphocyte (%); median (min-max) 33.0 (26-46) 27.5(16-38) 32.0 (19-47)

Monocyte (%); median (min-max) 6 (3-10) 5.1(3-9) 6.50 (3.3-13)

Neutrophils (%); median (min-max) 63.0 (40-66) 63.1(51-79) 56.5 (47-65)

Eosinophils (%); median (min-max) 2(1-4) 3.9 (2.4-16) 33(2-7.2)

IgE; median (min-max) 139 (1.5-310) 172 (34-3050) 125 (29-1243)
Sputum characteristics

Eosinophilic/neutrophilic/paucigranulocytic | 2/6/5/0 5/4/3/2 8/2/0/3

Macrophages (%); median (min-max) 21.6 (5.8-40) 24 (6-57) 17.5(7.7-34.3)

Neutrophils (%); median (min-max) 75.0 (54-93) 71.3 (36-93) 71.0 (56-89)

Eosinophils (%); median (min-max) 2.00 (0-8) 3.0 (0.5-6) 4.30 (1.6-29)(***)

Table 1. Clinical characteristics of the study groups. Data are presented as median (25-75 percentiles) unless
otherwise specified. ***Statistically different from the Healthy group (Kruskal-Wallis analysis, followed by

post-hoc test p<0.001).
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Fig. 1. Percent Eosinophil and IgE Levels in Asthmatic (n=27) and Healthy Individuals (n=13). Percent
eosinophil in (a) blood and (b) sputum samples and (c) IgE levels in blood samples from both groups are
shown. Box plots show maximum and minimum values in each group and the line represents the median
values (**p <0.01, Mann-Whitney U test).

To better characterize the diversity of fragments derived from the selected tRNAs and identify consensus
sequences, we generated sequence logos for Gly and Glu fragments using all reads assigned to these tRNAs in
each sRNA-seq experiment. We then compared results across different datasets (Fig. 3b). For these analyses, we
focused on sputum and blood samples with the aim of identifying potential biomarker candidates. Specifically,
we use two sputum datasets from the Human Biofluid RNA Atlas and serum samples from 9 independent
experiments with publicly available raw data?*?31-57_ As shown in Fig. 3b, the majority of sequences detected in
both biofluids correspond to 5" tRNA halves. Table SII compiles all the sequences assigned as tRNA Gly and Glu,
along with their relative abundance in each analyzed sample.

To verify the presence of these sequences in the selected biofluids, we conducted Northern blot analysis. As
shown in Fig. 3¢, while both full-length tRNAs and 5’ fragments are readily detectable in cells, their abundance
in extracellular fluids is markedly reduced. Only a ~ 30 nt fragment, corresponding to the 5’ tRNA fragment, was
observed in some samples.

For subsequent quantification studies using qPCR, we defined representative sequences for each fragment,
prioritizing those with the highest relative abundance and consistent detection across different datasets.
Their names were assigned using the MINTmap tool?, identifying the sequences as 5-tRH Glu (tRF-32-
87R8WPINIEW]M) and 5-tRH Gly (tRF-30-PNR8YPILON4V).To evaluate the role of these molecules in
asthma we quantified both tRHs in sputum and blood samples of asthmatic patients. Their levels were assessed
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Fig. 2. Relative expression of ANG in sputum and blood samples from asthmatic patients. Quantification of
the ANG transcript in (a) circulating leukocytes and (b) sputum infiltrates in asthmatic patients (mild =14,
severe=13) and a control group (n=13) stratified by GINA guidelines. Alternative analysis on asthmatic
patients based on sputum inflammatory phenotype stratification (Eo <3% =9, Eo>3% =18) is shown in (c)
circulating leukocytes and (d) sputum infiltrates. Data are presented as box plots showing the interquartile
range, with whiskers indicating the minimum to maximum values, and the line representing the median
(**p<0.01, Kruskal-Wallis test (panel a), ***p <0.001, Mann-Whitney U test (panel c).

both in cells obtained from the sample (leukocytes) and in extracellular fluids. Figure 4 shows that tRHs
expression is not altered either in blood or in sputum cells. However, we found that their levels are significantly
altered in extracellular fluids from asthmatic patients. Both tRHs are strongly downregulated in plasma while in
sputum, 5'-tRH Gly levels are significantly elevated in severe cases, with 5°-tRH Glu showing a trend to higher
levels in these patients (Fig. 4 and Supplementary Fig. 3). In both tissues, the lack of correlation with what is
observed in cells indicates that tRHs levels in the extracellular space are unlikely to result from cell lysis.

Although full-length tRNAs are highly unlikely to be amplified using SLO-RT-qPCR due to steric constraints
that prevent reverse transcription of intact tRNAs, we acknowledge that the technique may also amplify
fragments with one or two additional nucleotides at the 3’ end. sSRNA-seq data confirm that these sequences
are indeed present in the samples. Different lines of evidence suggest that these families of related sequences are
generated through exonucleolytic trimming of tRHs initially produced by cleavage from type-A RNases, such
as ANG!2. Consequently, the results presented in this manuscript should be interpreted with the understanding
that the quantifications reflect the cumulative levels of multiple variants of the same tRH.

The ANG/tRHs axis is induced in DEP-enhanced, allergen-stimulated macrophages

Since macrophages are the first line of defense in lung tissue, we also tested ANG and tRHs expression in the
THP1 cell line. Cells were allergen-stimulated with extracts of D.pteronyssinus (HDM) and the immune response
was enhanced using particulate matter produced by diesel engine exhaust (DEP). In this model, we observed a
strong activation of macrophages with a hybrid bias, characterized by the production of cytokines typical of both
M1 and M2 profiles (Supplementary Fig. 4). Our results are depicted in Fig. 5 and show that 24 hs treatment with
DERP, either alone or combined with HDM induce ANG expression and increase extracellular levels of 5°-tRH
Glu and 5’-tRH Gly, with no changes in their expression within the cells. To further validate these findings, we
quantified both tRNA halves at shorter time points (4 and 12 hs) and also observed a significant increase in their
levels in the supernatants of cells treated with DEP and DEP/HDM across both experiments (Supplementary
Fig. 5). Additionally, we conducted Western blot analysis to assess protein levels of ANG in THP-1 cells after a
24 hs treatment, confirming a slight increase in ANG levels in DEP-treated cells (Supplementary Fig. 6).These
findings are in agreement with results obtained in vivo with severe asthmatic patients.
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Fig. 3. Characterization of tRNA derived fragments highly abundant in biofluids. Percentage distribution of
tRNAs in bronchoalveolar lavage (BAL), sputum, and saliva samples (a). Sequence logo of tRNA fragments
derived from tRNA Glu and tRNA Gly. The fragments are mapped to the closest corresponding reference
tRNAs. tRNA halves (tRHs) selected for qPCR analysis are highlighted (b). Northern blot analysis of tRNA Gly
and tRNA Glu in blood leukocytes, plasma, and sputum supernatant samples from patients (severe asthmatic
and healthy controls). Probes specific to 5’-tRH Gly and 5’-tRH Glu were used to detect the corresponding
tRNA fragments (c). Blots were cropped for clarity, with original images available in Supplementary Fig. 8.
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Fig. 4. Quantification of tRHs in sputum and blood samples from asthmatic patients. Relative expression of

5 tRH-Gly and 5" tRH-Glu in blood leukocytes (a and b) and in sputum infiltrates (¢ and d). Extracellular
levels were determined in plasma (e and f) and sputum supernatants (g and h) using spike-in cel-miR-39 as the
exogenous control. The data are normalized to the healthy group, and quantifications were conducted using
Stem Loop RT-qPCR. Data are presented as box plots showing the interquartile range, with whiskers indicating
the minimum to maximum values, and the line representing the median (*p <0.05, **p <0.01, ***p < 0.001,
Kruskal-Wallis test).

Scientific Reports |

(2025) 15:18808 | https://doi.org/10.1038/s41598-025-03314-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

ANG relative expression

50+

40

30

20

104

g
o

* %k

5'tRH-Glu relative expression

5'tRH-Gly relative expression

= ] o . E L]

Control HDM  DEP DEP+HDM Control HDM  DEP DEP+HDM Control HDM  DEP DEP+HDM

] oL = O

[~}
(]

—
o

1
_-
o

]

%k %k
%k %k %k

>k % %k %k

|_|

[ee]
1

a
1
o)}
1

EN
1
N
1

N
1

N
1
5'tRH-Glu relative expression

5'tRH-Gly relative expression

e e

Control HDM  DEP DEP+HDM Control HDM  DEP DEP+HDM

o
o

Fig. 5. Levels of ANG and tRHs in DEP-enhanced, allergen-stimulated macrophages. THP-1 cells were treated
with DEP, HDM, or a combination of both agents. Quantification of (a) ANG, (b) 5'-tRH Gly, and (c) 5'-tRH
Glu in cells, and (d) 5'-tRH Gly, and (e) 5'-tRH Glu in cell culture supernatant was performed by Stem Loop
RT-qPCR. Data are presented as mean + SEM of 4 biological replicates (*p <0.05, **p <0.01, ***p <0.001, and
***xp <0.0001, one-way ANOVA test followed by post hoc comparisons when applicable).

Disrupted adrenal response in severe asthma shows an inverse correlation with tRH
production

Considering the crucial role of corticosteroid response in asthma regulation, we examined its potential
correlation with ANG and tRH levels, as both mechanisms aid in stress adaptation. First, we quantified plasma
cortisol and the expression of the glucocorticoid receptor (GR) in blood cells in our cohort. Figure 6a and b
show that cortisol levels in severe asthma patients are significantly lower than those in healthy controls, while GR
expression remains stable. We also measured the expression of histone deacetylase 2 (HDAC2), a key enzyme in
epigenetic modifications associated with corticosteroid responsiveness. Although HDAC?2 levels in blood cells
remained unaltered when comparing healthy individuals and patients (Fig. 6¢), they showed a strong correlation
with GR expression (Fig. 6d). Similarly, we found a highly significant negative correlation between GR levels and
tRH levels produced by circulating leukocytes (Fig. 6e,f). Collectively, our findings suggest a mechanistic link
between these regulatory pathways. No associations were observed between ANG or extracellular tRHs and any
of the mediators of the corticosteroid response, either in circulation or in sputum samples.

To further characterize the GR expression in the lung, we employed a murine model of pollution enhanced
allergic airway inflammation. In this previously published model, concomitant exposure of mice to diesel exhaust
particles (DEP) and house dust mite (HDM) significantly enhances allergic airway inflammation, type 2 cytokine
production, airway eosinophilia and goblet cell metaplasia compared to control groups exposed to HDM, DEP
or saline®’. Using this model we found that GR mRNA expression is significantly lower in the lungs from mice
treated with DEDP, either alone or in combination with HDM compared to saline (Fig. 7a). Immunolocalization
assays showed that GR was mainly localized in bronchial epithelial cells (Fig. 7b-c (mice) and Supplementary
Fig. 7 (humans)). Unfortunately, the available material was insufficient to proceed with tRH quantification using
the SLO RT-qPCR technique. However, recent studies conducted by Shigematsu et al. showed elevated levels
of both tRHs in the lung tissue of HDM-sensitized mice?!, in agreement with our findings in human samples.

Discussion

This study delved into the complex landscape of asthma, shedding light on previously unexplored pathways
involving the production and secretion of tRNA fragments in the progression of this condition at both systemic
and local levels. Our key findings reveal a significant upregulation of ANG expression in circulating leukocytes
of severe asthma patients, alongside notable alterations in the extracellular levels of 5’-tRH Glu and 5’-tRH Gly
in both blood and sputum samples from individuals with asthma. These results are further supported by in
vitro experiments using allergen-stimulated macrophages, suggesting a conserved mechanism across various
cell types. Overall, the present findings identify soluble mediators in both blood and pulmonary secretions that
hold promise for applying liquid biopsies in characterizing clinical phenotypes of asthma.

Scientific Reports |

(2025) 15:18808 | https://doi.org/10.1038/s41598-025-03314-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a. b.
400 — 10
—~ % c
= o
S 2
S 300 14}
£ S
- T 1 : T
E 200 - .QEJ 14
2 8
3 o
.| I T 5 e | T i
5] o
8 il &
0 T T T 0.1 T T T
Healthy Mild Severe Healthy Mild Severe
Cc. d.
10 10—
s 5
S S
X X *
Q (0] ‘
2 14 - -l- v 1 s ‘. e
= >
s | L Y/ EH 2 4
: T : we
o~ N LS
5 5
T T
0.1 T T T 0.1 T .
Healthy  Mild Severe 0.1 1 10
GR-a relative expression
e. f
c c
© 100+ 2 100 A
0 L 2 7]
] o 10
5 10- 4% o s ] S *®
$ R X ) o“ & o0
° 1 PR AR o 14 0~ .
2 ¢ 2 *% e
5 o1 oo’e 5 017 .
8 14 o *
£ RS i £ 0.014 PO IR
3 0.01- o, & . °
7 . 7 0.001 4 . ¢
Z * Z
+ 0.001 T 1 + 0.0001 T 1
o 01 1 0 0.1 1 10
GR-a relative expression GR-a relative expression

Fig. 6. Levels of circulating cortisol, GR-a, and HDAC?2 in blood samples of asthmatic patients and healthy
individuals. Quantification of plasmatic cortisol (a), and relative expression of GR-a (b) and HDAC2 (c) in
blood leukocytes of healthy (n=13), mild (n=14), and severe (n=13) asthmatic patients. Box plots show the
interquartile range, with whiskers indicating the minimum to maximum values, and the line representing
the median (*p <0.05, Kruskal-Wallis test). (d) Spearman correlation (R=0.5377, p=0.0006) between GR-a
and HDAC?2 transcripts. (e) and (f) Spearman correlation between GR-a and circulating levels of 5 tRHGly
(R=-0.6172, p=0.0001) and 5-tRH Glu (R =—0.5477, p=0.0005).

Severe asthmatic patients pose a significant clinical challenge due to their resistance to standard corticosteroid
therapy. It has been observed that these patients exhibit an inadequate or dysfunctional response to environmental
and physiological stressors, which can exacerbate inflammation and airway obstruction®?. These disruptions in
stress response mechanisms may trigger acute asthma exacerbations, escalating the severity of the disease and
compromising the patient’s quality of life. Effective diagnostic tools are crucial for the correct management of
severe asthmatic patients. However, commonly used markers for asthma phenotyping lack sufficient prognostic
value in classifying these patients. In our study, we offer additional data demonstrating that blood eosinophilia
and atopy are insufficient for discriminating severe cases.

Emerging evidence indicates that changes in expression patterns of tRNA derived fragments are associated
with the pathogenesis of stress-related disorders®*=¢. These molecules are hypothesized to serve as an ancestral
mechanism for cell survival, and their elevated levels in extracellular fluids suggest their involvement in
intercellular communication®”-3%. To initiate the characterization of these mechanisms in asthma, we quantified
the levels of ANG, a well known ribonuclease responsible of generating tRHs, and 5’-tRH Glu and 5’-tRH Gly,
two tRHs highly abundant in biofluids. We assessed these in both blood and sputum samples collected from
healthy individuals and asthmatic patients with varying degrees of severity.

These molecules were selected based on a bioinformatic analysis conducted in our laboratory, analyzing
publicly available sSRNA seq data from sputum, saliva, and BAL samples?’. The tRNA-derived fraction in these
samples mainly comprised tRHs derived from GLU, GLY, LYS, or VAL. These findings align with existing
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Fig. 7. (a) Quantification of mRNA levels for the glucocorticoid receptor (GR) transcript in a murine model
of asthma exacerbated by pollution. Mice were exposed to 1 pg house dust mite (HDM), 25 ug diesel exhaust
particles (DEP), and a combination of both (DEP + HDM) (n=6). (b and c) Representative photomicrographs
of Immunolocalization of the GRa isoform in the lungs of mice. (b) Isotype control and (¢) Immunostaining
of airways at 20x magnification. Tissues were counterstained with hematoxylin (blue). Data from panel a are
presented as box plots showing the interquartile range, with whiskers indicating the minimum to maximum
values, and the line representing the median (*p <0.05, **p <0.01 Kruskal-Wallis test).

literature describing these fragments as highly abundant in blood and other analyzed biofluids'®*’. Among
them, we chose 5’-tRH Glu and 5’-tRH Gly due to their documented enhanced stability in extracellular fluids.
This stability arises from their capacity to form various secondary structures, acting as stable reservoirs in the
extracellular space?”:4!,

It is important to note that, in theory, 5’ tRNA fragments should not be detected in standard sRNA-seq due
to their 5'-phosphate (5’-P) and 3’-cyclic phosphate (3'-cP) ends, which prevent adaptor ligation. However,
in practice, they are frequently observed, likely due to exonucleolytic trimming that modifies these termini.
Recent studies have shown that treatment with T4 polynucleotide kinase (T4 PNK) significantly enhances the
representation of tDRs in RNA-seq libraries by enabling adaptor ligation®. These findings suggest that advanced
methods like cP-RNA-seq or PANDORA-seq should be employed in future studies to achieve a more unbiased
view of tDR diversity.

The results obtained in this study indicate that the ANG/tRHs pathways are disrupted in asthmatic patients.
Our analysis of blood samples revealed an elevated expression of ANG in circulating leukocytes of severe
patients compared to other groups, which did not correlate with alterations in the levels of tRHs in these cells.
Our western blot results indicate that ANG protein is primarily localized in the extracellular space, suggesting
that it is predominantly secreted. Given that ANG’s functionality depends on its cellular localization—with its
active ribonuclease activity primarily occurring in the cytoplasm—we hypothesize that the elevated levels of
ANG observed in asthmatic patients could be linked to its other documented roles, such as antimicrobial activity
and tissue regeneration, which may be relevant in the context of the disease**. On the other hand, quantification
of both 5’-tRHGly and 5’-tRH Gly in plasma revealed a highly significant downregulation of these molecules in
asthmatic patients, regardless of their severity.

When analyzing the patterns of these markers in sputum, we observed a notable divergence compared to
what was observed in blood. RNA extracted from cells obtained from this secretion showed no differences in
the expression of either ANG or the tRHs across the study groups. However, extracellular levels of tRHs were
elevated in sputum supernatants from severe patients, with tRH Gly reaching statistical significance. In line with
this evidence, a recent article from Shigematsu et al. showed that both tRHs are elevated in the lungs of HDM-
treated mice®!.

It is noteworthy that there is a lack of correlation between intra- and extracellular tRH levels in both types
of samples analyzed, indicating that the data obtained from extracellular fluids cannot be attributed to cell
lysis during sample processing. These findings suggest that the cells lining the barriers of these fluids may be
responsible for secreting tRHs into the extracellular environment. Evidence supporting this view comes from
studies in seminal fluids, where it has been observed that epididymal epithelial cells actively release SRNA
during the maturation process of spermatozoa®®. Aligned with this hypothesis, we investigated the effects of
environmental stress on allergen-stimulated macrophages, given their pivotal role in defending and maintaining
the homeostasis of all barrier epithelia. Our results showed that treatment with DEP, either alone or combined
with HDM induces ANG expression and increases extracellular levels of 5’-tRH Glu and 5’-tRH Gly. This further
validates the data obtained from both human sputum samples and animal models.

Finally, we delved into the correlations between adrenal response and ANG/tRH levels in asthmatic patients,
aiming to assess potential synergies between cellular and systemic stress responses. The interplay between ANG,
tRFs, and glucocorticoids could provide additional layers of regulation to fine-tune the stress response and
control inflammation. For instance, specific tRFs have been shown to activate p65, a key component of the
NF-«B signaling pathway*>. Additionally, other studies have demonstrated that 5'-tRHs can activate Toll-like
receptor 7 (TLR7), which is crucial for initiating immune responses*®*’. Within our study cohort, we observed
significantly lower cortisol levels in severe patients compared to healthy controls. These findings may be attributed
to the induction of a hyporesponsive state of the HPA axis (i.e., relative deficiency), potentially stemming from
exacerbated cytokine production (chronic inflammation may also account for such disturbance)?. Alternatively,
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it could result from negative feedback on the axis due to the use of inhaled corticosteroids at higher average
doses in severe patients compared to mild/moderate cases (patients on oral corticosteroids were excluded from
the study). Further evidence of a mechanistic link between these pathways during the course of the disease is
demonstrated by our findings of an inverse correlation between tRH and GR levels in our cohort. Additionally,
studies in mice revealed that pulmonary remodeling triggered by environmental stress results in an overall
reduction in GR expression within the tissue. Taken together, our results provide additional evidence that the
corticosteroid response is deficient in severe asthma cases, characterized by lower levels of circulating cortisol
and reduced bioavailability of GR in the lungs, likely due to tissue remodeling. This adrenal disruption is
associated with ANG/tRH pathways throughout the course of the disease.

In sum, our study underscores the association between altered levels of extracellular tRHs and asthma,
although contrasting data emerged from plasma and sputum supernatants. In plasma, we observed a significant
decrease of both 5°-tRH Glu and 5’-tRH Gly in samples from asthmatic patients, whereas in sputum supernatants,
they appeared to be overexpressed only in severe cases. This discrepancy provides a stimulating background for
further investigation, particularly the role of these molecules in extracellular fluids, which remains unexplored
to date. Nevertheless, the consistency of our findings, both within our study and in relation to existing literature,
suggests a potentially pivotal role of these molecules in the pathogenesis of asthma. Further appraisal of the
intricate roles played by tRNA fragments will deepen our understanding of cellular stress responses and may
pave the way for the development of innovative strategies to mitigate complex pathologies such as asthma.

Material & methods

Study groups

All methods were performed in accordance with the relevant guidelines and regulations, including the
Declaration of Helsinki. Participants were recruited at CIC-IESR, Argentina and after signing a written informed
consent form, they were asked to provide a sputum and blood sample. All experimental procedures and methods
performed in this work were approved by the Ethical and Biosafety Committees from the School of Medical
Sciences of Rosario National University (resolution N° 6192/2018). The study population consisted of healthy
subjects (n=13), patients with mild-to-moderate asthma (n=13), and patients with severe asthma (n=14).
Table 1 provides an overview of the demographic, functional, and treatment characteristics of the subjects.
Asthma severity was evaluated by a respiratory physician based on a combination of symptoms, lung function,
and amount of medication to achieve control'. Severe asthma required GINA treatment steps 4 to 5. All subjects
were nonsmokers (never smokers or ex-smokers who quit smoking for at least 6 months).

Blood samples were collected between 8 and 9 am before sputum induction and employed for routine
laboratory assays. Additionally, plasma samples were collected and preserved at — 70 °C for Cortisol quantification
and RNA extraction. White blood cells were isolated from EDTA-treated samples using a standard protocol
(RBC lysis buffer + centrifugation) and preserved at—70 °C for RNA extraction.

Sputum induction

Sputum was induced and processed, as described previously*®. Whole sputum was weighted, and 4 volumes
of 0,1% DTT-PBS were added. After vigorous homogenization for 15 min, 4 more volumes of PBS were added
and samples were centrifuged (1400 g) for 10 min at 4 °C. Then, the cell pellet and supernatant were separated
and stored at —70 °C. Asthma inflammatory phenotype was defined by counting 300 sputum cells on cytospin
samples stained with Hematoxylin-Eosin and MayGrunwald-Giemsa. Eosinophilic asthma was defined as>3%
of sputum eosinophils and less than 76% sputum neutrophils, whereas neutrophilic asthma was defined as>76%
of neutrophils and less than 3% eosinophils. Criteria for paucigranulocytic asthma were less than 3% and 76% of
and mixed granulocytic >3% and = 76% of eosinophils and neutrophils, respectively.

Hormone assessment

Circulating Cortisol (DRG Instruments GmbH) concentrations were assessed according to the manufacturer’s
instructions. All samples were processed individually and assayed in duplicate. The detection limit was 1.3 ng/
ml.

RNA isolation and RT-gPCR

Total RNA from leukocytes (1-3 x 10° cells) and cell-free supernatants (200 uL) was isolated using TRI-Reagent
(MRC Inc., Toledo, OH, USA) according to the manufacture’s recommendations. cDNA was synthesized using
Superscript III reverse transcriptase (Thermo Fisher Scientific, MA, USA) and PCR reactions were performed
in a StepOne Real-Time PCR System (Thermo Fisher Scientific, MA, USA) using HOT FIREpol EvaGreen Plus
master mix (Solys Biodyne, Estonia). Small RNA levels were determined using an adaptation of the stem-loop
RT-qPCR technique previously established in our lab, modified to use SYBR instead of TagMan probes**>® (List
of primers employed in this work is depicted in Suppl. Table I). PPIA and U6 snRNA were employed for mRNA
and sRNA normalization in cell extracts, respectively. Normalization of samples derived from extracellular
fluids was performed using spike-in cel-miR-39 as the exogenous control. Additional data supporting the tRH
quantification method are provided in Supplementary Fig. 10.

GR expression in the murine model of pollutant-aggravated allergic asthma

The model developed at the Department of Respiratory Medicine (Ghent University, Belgium) involves
challenging mice with house dust mite (HDM), diesel exhaust particles (DEP) and a combination of both
irritant agents®. All in vivo manipulations were approved by the Animal Ethical committee of the Faculty of
Medicine and Health Sciences of Ghent University (approval code ECD 12/59) and were performed according
to the ARRIVE guidelines. All methods were also performed in accordance with the relevant guidelines and
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regulations. The wellbeing of the animals was recorded with a score-sheet, evaluating body condition, appearance,
natural behavior, hydratation and respiration. The humane endpoints registered in ECD 12/59 were: if animals
show signs of suffering such as reduced physical activity, abnormal coat condition or posture or reduction of
body weight with more than 20%, the experiment will be prematurely terminated. However, the experimental
procedures in the model only led to a very short moment of stress, thus none of the mice reached the humane
endpoints. Saline, 1 ug of HDM extract dissolved in saline, 25 pg of DEPs suspended in saline, or a combination
of DEP + HDM was delivered intranasally to isoflurane-anesthetized mice by using a continuous flow vaporizer
on days 1, 8, and 15. Two days after the last challenge, mice were killed with a lethal dose of intraperitoneal
pentobarbital.

cDNA samples and lung tissue sections from experiments depicted in De Grove et al.® were employed in this
work . GR mRNA levels were determined as described above.

For immunolocalization assays, sections were deparaffinized and rehydrated with xylene and alcohol
gradient. After antigen retrieval (citrate, 90 °C, 45 min) and blocking, samples were incubated overnight (4 °C)
with primary polyclonal antibody against GRalpha (Thermo Scientific cat #PA1-516) or Isotype negative control
(rabbit Ig (Novus #NB810-56910). Anti rabbit-HRP secondary antibody (Klinipath DPVR-55HRP) and DAB
reagent (DAKO #K3468) were used for detection. Sections were counterstained with hematoxylin.

Bioinformatic analysis

sRNA-seq data of sputum, bronchoalveolar fluids (BAL),saliva and serum samples were obtained from the Human
Biofluid RNA Atlas of Hulstaert et al.?. Serum samples from 8 publicly available dataset were also employed
(GSE113994, GSE90028, GSE156874, GSE151963, GSE126051, GSE90524, GSE158312, GSE71579)%%51-%7,
Samples were processed using a custom pipeline built in Python 3.10. Fastq files corresponding to the dataset
were downloaded from the European Genome-Phenome Archive (EGA—EGAS00001003917) with permission
from the corresponding authors. Files were quality-controlled following standard procedures. Briefly, sequencing
adapters were trimmed using cutadapt, known contaminants were filtered using the UNIVEC database
and FASTQC 0.11.9%® was used for quality control. Sequences were then assigned by performing a series of
alignments. First, bowtie2 2.4.4%° was used on the on the ‘~very-sensitive-local’ preset —score-min L,0,1 to align
all sequences to curated reference sequences for tRNA (gtRNAdb®), rRNA (rFAM®!, RNAcentral), miRNA
(mirBASE®?) and yRNA. The remaining sequences were aligned to the reference human genome (GRCh38)
using HISAT?2 2.2.1%. Bedtools 2.30.0% intersect was used to extract the annotations for matching fragments
from the corresponding annotation file. All statistics and visualizations related to sSRNA-seq data were built
by analyzing the results in Pandas and visualizing with Plotly. Sequence logos were performed as described in
Schneider and Stephens, 1990. In these graphs, the X-axis denotes the position in the sequence,The height of
each letter is made proportional to its frequency, and the letters are sorted so the most common one is on top.
To account for the relative abundance of each sequence, this analysis applied a weighting factor proportional
to the percentage of reads corresponding to each sequence relative to the total read count in each sample. The
height of the entire stack is then adjusted to signify the information content of the sequences at that position®.
For downstream quantification studies using qPCR, we defined representative sequences of each fragment and
assigned their names using the MINTmap tool?*.

Cell culture

The THP1 cell line was purchased from ATCC, and authenticity was documented by standard STR analysis.
Cells were grown in suspension cultures in RPMI 1640 medium supplemented with 10% FBS and 100 units/ml
penicillin and streptomycin (Invitrogen) at 37 °C in 5% CO,. For differentiation to macrophages, cells were plated
in 12-well dishes (1 x 10° cells per well) on RPMI containing 10 ng/ml phorbol-12- myristate-13-acetate (PMA,
Sigma Chemical Co) were used as a model of undifferentiated (M0) macrophages. After 24 hs, supernatants
were removed and complete RPMI was added for 48 hs before treatment. THP-1 cells were exposed to extracts
of house dust mite (HDM; Dermatophagoides pteronyssinus) at 50 AU, with particulate matter produced by diesel
engine exhaust, (DEP kindly donated by Dr. Berra® at 50 pug/ml and with a combination of both treatments.
Cells and culture supernatants were collected after 4, 12 and 24 hs of treatment for quantification of transcripts
and sRNAs by SLO-RTqPCR.

Northern blotting

RNA samples were run on 10% TBE-urea polyacrylamide gels, transferred to positively charged nylon membranes
(Roche). For each lane, RNA purified from 200 pL of biofluid (sputum or serum) was loaded, while 1 pg of RNA
was used for cellular controls. The membranes were cross-linked by UV irradiation. After cross-linking, the
membranes were hybridized overnight at 40 °C with digoxigenin (DIG)-labeled DNA probes in DIG Easy Hyb
solution (Roche). After low stringency washes (washing twice with 2 x SSC/0.1% SDS at room temperature) and a
high stringency wash (1 x SSC/0.1% SDS at 40 °C), the membranes were blocked in blocking reagent (Roche) for
30 min at room temperature, probed with alkaline phosphatase-labeled anti-digoxigenin antibody (Roche) for
30 min, and washed with 1 x TBS-T. Signals were visualized with CDP-Star ready-to-use (Roche) and detected
using Amersham Imager 600 (GE HealthCare) according to the manufacturer’s instructions. Oligonucleotide
probes were synthesized by IDT. DIG-labeled probes were prepared using the DIG Oligonucleotide tailing kit
(2nd generation; Roche) according to the manufacturer’s instructions. The sequences of the probes were as
follows: 5-tRH Gly: 5 CTACCACTGAACCACCAATGC 3’; and 5-tRH Glu: 5 TAACCACTAGACCACCAG
GGA 3.
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Western blotting

Serum protein extracts (protein concentrations ranging from 98 to 276 mg/ml) were prepared by diluting
samples 1/40 with 1x Sample buffer. Extracts from whole blood cells and THP-1 cell cultures were obtained from
1% 10° cells using 200 pL of RIPA buffer, followed by dilution with 1x Sample buffer. Samples were separated by
15% SDS-PAGE, and proteins were transferred onto nitrocellulose membranes. Membranes were blocked with
5% PBS-BSA for 1 h at room temperature and incubated overnight at 4 °C. For loading, 20 uL of 1/40 diluted
serum and 30 pg of protein from cellular extracts (whole blood cells or THP-1 cells) were loaded per lane. The
following primary antibodies were used: monoclonal anti-Angiogenin 1 (sc-74528, Santa Cruz) and polyclonal
anti-p-actin (A2066, Sigma). HRP-conjugated anti-rabbit (111-035-003, Jackson) and HRP-conjugated anti-
mouse (115-035-003, Jackson) secondary antibodies were applied. Chemiluminescence was detected using
the Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare). In THP-1 experiments,
membranes were cut to measure both primary antibodies during blotting. For quantitative analysis, Western blot
band intensities were measured with Image] software®® and normalized to their corresponding B-actin bands.

Statistical analysis

Comparisons between groups and compartments were performed using nonparametric methods, such as the
Kruskall-Wallis analysis of variance (followed by post-hoc comparisons when applicable) and the Wilcoxon
rank test. Correlations between variables were analyzed by Spearman’s rank test. ANOVA test was employed to
analyze data from THP-1 cell culture experiments. A P-value <0.05 was considered statistically significant. All
data were analyzed using GraphPad Prism 9.2.1 (San Diego,CA, USA) software.

Data availability
All data generated during this study are included in this published article (and its supplementary information
files).
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