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Mycobacterium tuberculosis (Mtb) infection is among the
world’s deadliest infectious diseases. Developing effective treat-
ments and biomarkers for tuberculosis requires a deeper un-
derstanding of its pathobiology and host responses. Here, we
report a comprehensive characterization of circulating short
non-coding RNAs (sncRNAs) in plasma samples from Mtb-in-
fected patients. We achieved this by pre-treating plasma RNAs
with T4 polynucleotide kinase to convert all RNA ends to those
compatible with sncRNA sequencing. We discovered a global
and drastic upregulation of plasma sncRNAs in Mtb-infected
patients, with tRNA-derived sncRNAs representing the
most dramatically elevated class. Most of these tRNA-derived
sncRNAs originated from a limited subset of tRNAs, specif-
ically from three tRNA isoacceptors, and exhibited skewed pat-
terns to 5'-derived fragments, such as 5 halves, 5’ tRNA frag-
ments (tRFs), and internal tRFs (i-tRFs) from the 5’ regions.
Further, Mtb-infected patients displayed markedly upregulated
and distinct profiles of both rRNA- and mRNA-derived
sncRNAs. Some of these sncRNAs, which are abundant and
specific to Mtb-infected patients, robustly activated human
macrophages via Toll-like receptor 7 and induced cytokine pro-
duction. This drastic accumulation of circulating, immunosti-
mulatory sncRNAs in the plasma of Mtb-infected patients of-
fers insights into the sncRNA-driven aspects of host immune
response against infectious diseases and suggests a pool of po-
tential therapeutic targets and biomarkers.

INTRODUCTION

Despite treatments and cures, tuberculosis, an infectious disease
caused by Mycobacterium tuberculosis (Mtb) infection, remains a
formidable global health challenge. It is one of the most lethal infec-
tious diseases, claiming approximately 1.3 million lives annually.'
The treatment and cure of tuberculosis can be a challenging and
drawn-out process, in part due to Mtb’s propensity to enter a non-
replicative state resistant to antibiotic treatment.” Further, the persis-
tence of drug-resistant Mtb strains adds another layer of complexity.”
The intricate interplay between host and pathogen in tuberculosis un-
derscores the need for a better understanding of the body’s immune
response to Mtb. Comprehending this dynamic is imperative for
the development of novel biomarkers and treatment strategies to
combat this significant public health threat.

aaaaaa

One of the initial means by which the innate immune system detects
and responds to invading microbes involves the pattern recognition
receptors (PRRs), which are stimulated by either exogenous path-
ogen-associated molecular patterns (PAMPs) or endogenous dam-
age-associated molecular patterns (DAMPs).”” Toll-like receptors
(TLRs), a specific class of PRRs expressed in both immune cells
(e.g., macrophages and dendritic cells) and non-immune cells (e.g.,
epithelial cells and fibroblast cells), respond to an array of ligands.* '
Of the 10 TLRs characterized in humans, TLR7 and -8 reside in endo-
somes and specifically recognize single-stranded RNAs (ssRNAs) as
their ligands."' Activation of TLR7 and -8 by ssRNA triggers a
signaling cascade through MyD88, leading to IRF7- and nuclear fac-
tor kB (NF-kB)-mediated transcription and downstream induction of
interferon and cytokine production.”'” One such cytokine, tumor ne-
crosis factor alpha (TNF-a), promotes the formation of granulomas,
clusters of cells containing a core of infected macrophages sur-
rounded by other macrophages, which play a critical role in the im-
mune response to Mtb infection.'*”'® Notably, activation of TLR7
has been shown to promote the eradication of Mycobacterium bovis
by macrophages.'”

Typically, the ssRNA ligands identified as activators of TLR7 and -8
have been “foreign” molecules, originating from invading microbes,
such as bacterial transfer RNAs (tRNAs).'® >’ However, multiple re-
ports suggest that “endogenous” ssRNAs from host cells, such as mi-
croRNAs (miRNAs), can further act as endosomal TLR ligands. For
recognition by TLR7 and -8, ssRNAs must be located inside the endo-
somes where TLR7 and -8 reside, which can be achieved via extracel-
lular vesicle (EV)-mediated delivery of ssRNAs to endosomes. In fact,
various miRNAs are incorporated into EVs, and these EV-packaged
extracellular (ex-) miRNAs can reach and activate endosomal TLR7
and -8 in recipient cells.”**
endosomal TLRs has been found to promote immune response in
the context of infection, as well as in conditions such as

Such miRNA-mediated activation of
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neurodegeneration, cancer, myocardial ischemia, and sepsis.”"

Given that EVs carry various RNA species besides miRNAs, including
mRNAs, tRNAs, and Y-RNAs,”*? it is plausible that other EV-incor-
porated host-derived ssRNAs could be delivered to endosomal TLRs
and function as their ligands, although this possibility remains largely
underexplored.

The unexplored nature of EV-incorporated ex-ssRNAs as endosomal
TLR ligands could be partly attributed to the technical limitations of
RNA sequencing (RNA-seq). Current standard RNA-seq for short
non-coding RNAs (sncRNAs), originally designed for miRNA
sequencing, involves the ligation of 5" and 3’ adaptors (ADs) to the
5-monophosphate (P) and 3'-hydroxyl (OH) ends of sncRNAs.
Consequently, while sncRNAs with the 5-P/3’-OH ends, such as
miRNAs, are efficiently sequenced by this method, sncRNAs with
different terminal forms, such as 5'-OH, 3'-P, and 2',3'-cyclic phos-
phate (cP), cannot be efficiently captured.’’** This is especially
important for the sequencing analyses of ex-sncRNAs, as many ex-
sncRNAs lack 5'-P or 3-OH.**** To overcome this limitation, pre-
treatment of RNAs with T4 polynucleotide kinase (T4 PNK), which
converts the RNA termini to 5'-P/3'-OH ends (thus rendering them
available for 5'-/3’-AD ligation), has been used to capture whole ex-
sncRNAs in human plasma samples.”>>*° In our recent sequencing
study of sncRNAs in EVs secreted from human monocyte-derived
macrophages (HMDMs), pre-treatment of RNA samples with a
mutant T4 PNK, which lacks 3'-dephosphorylation activity, dramat-
ically reduced cDNA vyield.** This suggests that most ex-sncRNAs in
HMDM EVs contain 3'-P- or cP, while miRNAs and other 3’-OH-
containing RNAs constitute only a minor proportion, further con-
firming the necessity of T4 PNK treatment to capture the entire ex-
sncRNAome.

Our recent studies suggested the involvement of 5'-tRNA half mole-
cules, which contain a cP and thus are not captured by standard RNA-
seq, in infection and immune response.”*” Mycobacterial infection
and accompanying immune response lead to upregulation of NF-
kB-mediated transcription of the gene angiogenin (ANG), a member
of the RNase A superfamily with known role of tRNA cleavage,”®
inducing an accumulation of tRNA halves in HMDMs.”* Among
these generated tRNA halves, 5'-tRNA halves are selectively and
abundantly packaged into EVs of HMDMs and subsequently deliv-
ered into the endosomes of recipient HMDMs. Within the endo-
somes, specific 5-tRNA halves, such as those from tRNAMISGUG
and tRNAVICAC/AAC (571 1o1HISGUG o 51 o ]fVAICAC/AAC) o
capable of activating TLR7.>**” The strength of this activity was equal
to or even greater than that of HIV-derived ssRNA40, a widely used
positive-control ssRNA known as a strong activator of endosomal
TLRs,"" suggesting that 5'-half™*GYS and 5'-halfV?ICACAAC cap
induce cytokine production and immune response.”*”’ Our
TagMan RT-qPCR quantification demonstrated that the levels of
5'-tRNA halves were drastically increased by approximately 1,000-
fold in patients infected with Mtb,*® suggesting that the upregulation
and secretion of 5'-tRNA halves are not limited to HMDMs in vitro
but constitute an actual pathological feature of Mtb infection. Howev-
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er, neither the complete ex-sncRNA repertoire nor the potential for
ex-sncRNAs to activate endosomal TLRs has been examined in
Mtb patients.

Here, we present a comprehensive analysis of ex-sncRNAs in plasma
from both healthy individuals and patients infected with Mtb. Previ-
ous investigations of ex-sncRNA expression in Mtb patients relied on
standard RNA-seq without T4 PNK treatment,** ** thus focusing
mainly on miRNAs. By capturing the complete expression profile
of plasma sncRNAs through sncRNA sequencing of plasma RNAs
pre-treated with T4 PNK, we revealed drastic changes in both the
quantities and profiles of ex-sncRNAs, derived most prominently
from tRNA, mRNA, and rRNA, in Mtb patients. We further investi-
gated the ability of Mtb-specific ex-sncRNAs to activate TLR7. Our
characterization of a fuller breadth of sncRNAs in Mtb patients sheds
light on hitherto neglected but highly abundant classes of ex-
sncRNAs with potential roles as immune activators in Mtb infection.

RESULTS

The levels of plasma sncRNAs are drastically upregulated in
patients infected with Mtb, with tRNA-derived sncRNAs
constituting the most dramatically upregulated class

Given that the expression of tRNA halves and other sncRNAs can be
affected by sex hormones*” and aging,** we limited our study to males
between 30 and 35 years old to minimize potential impacts of sex and
age on sncRNA expression. We obtained plasma samples for
sequencing from four healthy individuals (H1-4) and four patients
infected with Mtb (M1-4). Using our established multiplex version
of TagMan RT-qPCR, which enables simultaneous quantification of
specific tRNA halves and an internal control in limited sample quan-
tities,"> we observed a drastic upregulation of 5'-tRNA halves in
plasma from Mtb-infected patients (Figure S1). Specifically, the levels
of 5'-tRNA half from tRNA®YCC (5/-half*Y9C%) and 5'-half**Y¢
increased by approximately 500- to 1,000-fold and 4,000- to 8,000-
fold, respectively. These results recapitulated our prior findings,
which involved examining four healthy and four Mtb plasma sam-
ples, 745
ization of all circulating sncRNA species in plasma from healthy in-
dividuals and Mtb-infected patients.

and prompted us to undertake a comprehensive character-

In our plasma sncRNA sequencing, an identical volume of plasma
from each sample was mixed with equal amounts of spike-in control
RNAs. Subsequently, the plasma sncRNAs were isolated and treated
with T4 PNK in the presence of ATP to convert the RNA ends to 5’-P/
3'-OH (Figure 1A), which was followed by AD ligation and subse-
quent RT-PCR for cDNA amplification. When T4 PNK treatment
was omitted, cDNA yields significantly decreased, confirming that
most plasma sncRNAs lack 5'-P/3'-OH ends, as suggested by previ-
ous studies.””* Illumina sequencing and analysis of the obtained
reads, normalized based on the read counts of the spike-in control
RNAs, revealed drastic upregulation of various sncRNAs in Mtb-in-
fected patients (Figure 1B). Among the various substrate RNA spe-
cies, tRNAs, rRNAs, and mRNAs served as rich sources of plasma
sncRNAs. On average, reads derived from tRNA, rRNA, and



www.moleculartherapy.org

A B C
6
= Il other \’?,1 M other
5 sncRNA 3 g 5 B mitochondria i;.; Il mitochondria
P s OH Pe==OH 3, I IncRNA e I IncRNA
HO me= OH TAPNK pusmoH I miRNA 3 I miRNA
A?P - >3 -SHORNA 5 [ snoRNA
P P p ===QOH g [ snRNA ° B snRNA
HO P P == OH E 2 mRNA = mRNA
P s (GP PuOH 51 I RNA s M rRNA
4 .tRNA o .tRNA
HO e cP P === OH 5
H1 H2 H3 H4 M1 M2 M3 M4 0
& @
&
D E 30 F
5'-derived  Mature tRNA  3'-derived " I i+tRF-AL 00 = itRF-AL
— o L |
& 251 - 3hatt 3-half
= % - 3RF 3! 3-tRF
8 820 M iRF-3 8 M iRF-3'
S21s5 = 5-haff 5 5'"half
— 3tRF QO 5'tRF ® 5'-tRF
Internal E %10‘ — — | i+RF-5' ,g I i+tRF-5'
% st e
i-tRF-5' iRF-3'  Z % o
0

i-tRF-AL H1

H2 H3 H4 M1 M2 M3 M4

NS

@9\0

Figure 1. Sequencing of plasma sncRNAs from healthy individuals and Mtb-infected patients

(A) Schematic representation of the sncRNA sequencing for T4 PNK-treated plasma RNAs. (B) Abundance of plasma sncRNAs annotated to the indicated RNAs. The read
counts of these sncRNAs were normalized using the read counts of the spike-in RNAs. (C) Proportions of plasma sncRNAs annotated to the indicated RNAs. Average values
from the four samples are shown. (D) Schematic showing examples of the different classes of tRNA-derived sncRNAs. (E) Abundances of tRNA-derived sncRNAs sub-
classified into the indicated categories. Read counts, normalized using the spike-in RNAs, are shown. (F) Proportion of tRNA-derived sncRNAs, represented as average

values across the four samples.

mRNA constituted approximately 35%, 38%, and 8% in Mtb patients,
respectively (Figure 1C). These ratios significantly differed from those
observed in healthy individuals (Figure 1C), suggesting an Mtb-infec-
tion-induced alteration in global plasma sncRNA profiles. Within the
three main classes (i.e, tRNA-, rRNA-, and mRNA-derived
sncRNAs), tRNA-derived reads were particularly enriched in Mtb
samples, showing an approximate 24-fold increase as a percentage
of occupancy (Figure 1C) and ~431-fold increase in normalized reads
(Figure 1B). Conversely, rRNA- and mRNA-derived reads did not
show as significant a difference in the percentage of occupancy
(Figure 1C) despite still exhibiting ~24- and 8-fold increases in
normalized reads, respectively (Figure 1B). These results indicate
that Mtb-infected patients display a drastic increase in the levels of
global ex-sncRNAs in plasma, with a particularly marked enrichment
of tRNA-derived sncRNAs.

5'-Derivatives of tRNA-derived sncRNAs are enriched in Mtb-
infected patients

The significant enrichment of tRNA-derived sncRNAs in Mtb-in-
fected patients led us to further profile these molecules using a
tRNA fragment (tRF) classification method,***® incorporating mod-
ifications from our previous study** (Figure 1D). tRNA halves are

produced by anticodon-loop cleavage, with the 5’ half and 3" half re-
taining their respective intact 5" and 3 ends. tRFs encompass all other
tRNA-derived sncRNAs, excluding tRNA halves. The 5'-tRF and
3'-tRF retain intact mature 5’ and 3’ ends, respectively, while internal
tRF (i-tRF) is wholly derived from the internal region of mature
tRNAs. We further subclassified i-tRFs into three categories: i-tRF-
5', i-tRF-3, and i-tRF-AL. i-tRF-5 and i-tRF-3' originate from the
5’ and 3’ regions of mature tRNAs, respectively, while i-tRF-AL en-
compasses the entire anticodon loop. We categorize 5 half, 5'-tRF,
and i-tRF-5’ as 5’ derivatives, and 3’ half, 3’-tRF, and i-tRF-3" as 3’ de-
rivatives (Figure 1D).

While plasma tRNA-derived sncRNAs in healthy individuals showed
roughly equivalent levels of 5" and 3’ derivatives, interestingly, most
(~91%-97%) in Mtb-infected patients were identified as 5’ deriva-
tives (Figures 1E and 1F). In Mtb samples, i-tRFs-5’ constituted the
most abundant subclass within the 5" derivatives, accounting for
~71%-84% of tRNA-derived sncRNAs (Figures 1E and 1F). The
levels of 5 halves and 5'-tRFs were also significant at ~3%-10%
and ~6%-16%, respectively. In contrast, although 3’ derivatives on
average comprised 43% of the total tRNA-derived sncRNAs in
healthy samples, they were rendered negligible in Mtb-infected
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samples (Figures 1E and 1F). These results suggest that Mtb infection
leads to skewed accumulation of 5 derivatives in plasma tRNA-
derived sncRNAs.

The majority of tRNA-derived sncRNAs originate from a focused
subset of tRNAs in Mtb-infected patients

Although humans have more than 40 tRNA isoacceptors, in Mtb-in-
fected patients, i-tRF-5', the most abundantly accumulated subclass,
mainly originated from just three tRNAs: tRNAMSGUE (RNAGUCUC
and tRNAVAICACAAC (Bigure 2A). In contrast, healthy samples ex-
hibited a more balanced profile, with i-tRFs-5 arising from a diverse
range of tRNAs (Figure 2A). These patterns were consistent across all
eight sequenced samples (Figures 2B and S2). We observed a similar
reduction in source isoacceptor diversity for 5'-tRFs and 5’ halves in
Mtb samples (Figures 2A, 2B, and S2). Across all 5’ derivatives, the
same three tRNAs (tRNAMSGUG {RNACHCUC 3nd tRNAVICAC/AAC)
served as the primary sources, collectively constituting 95%-99%,
83%-98%, and 21%-81% of i-tRFs-5', 5'-tRFs, and 5 halves, respec-
tively (Figures 2A and 2B).

>

In Mtb samples, the majority of sncRNAs from these three major
tRNA species were produced from specific isodecoders (Figure S3)
and limited to specific tRFs (Figure 3A). For instance, only three
i-tREHSGYS_5 gpecies, originating from nucleotide position (np) 9-
32 and np 3-23, collectively made up 72.8% and 60.5% of i-tRFs-5'
and whole-tRNA-derived sncRNAs, respectively. Similarly, only
two to four specific species dominated the composition of i-tRFs-5',
5'-tRFs, and 5’ halves derived from all three major tRNAs (Figure 3A).
The cleavages leading to the production of these specific molecules
primarily occurred between a 5'-pyrimidine (typically uridine) and
a 3'-purine (Figures 3A and 3B). Exceptions include G-U cleavage
for the production of 5'-half*YS and the cleavages between pyrim-
idines for generating several i-tRFs-5". We noted some overlap in the
cleavage positions responsible for the production of i-tRFs-5', 5'-tRFs,
and 5 halves (Figures 3A and 3B), implying that at least some of
i-tRFs-5 and 5-tRFs are produced from 5 halves, and some
i-tRFs-5" may arise from 5'-tRFs.

tRNAMECUG i unique in its possession of an extra guanosine at the 5
end, known as G_j, which is added post-transcriptionally by a specific
guanyltransferase, THG1.* Our previous study demonstrated that hu-
man cell lines contain a fraction of mature tRNA™*SYS molecules that
lack this G_;. Moreover, a substantial portion of the 5’ _halvessGVG
lack G_; and instead have G, ; as the 5'-terminal nucleotide in both hu-
man cell lines and mouse tissues.”****>*" Consistent with these find-
ings, all abundant circulating 5'-tRFs and 5’ halves of tRNA™GYS in
the plasma of Mtb-infected patients lacked the G_; nucleotide (Fig-
ure 3A). Analyses encompassing all circulating 5'-tRFs and 5’ halves

of tRNAMGYS showed that, in healthy samples, approximately 89%
of these sncRNAs were missing the G_; nucleotide (Figure 3C). This
figure rose to over 98% in Mtb samples (Figure 3C). These results indi-
cate a preferential accumulation of G_,-lacking 5'-tRE"™SY and
5'-half™SYC in the plasma, which is even more pronounced in Mtb
patients.

5'-tRF and 5’ half of tRNAV2/CAC/AAC gre potent activators of
macrophage TLR7

Upon Mtb infection, macrophages engulf invading bacteria and act as
important mediators of pathogen recognition and antimicrobial im-
mune response through PRRs, such as surface TLR2 and endosomal
TLR7.”>">* Our recent studies demonstrated that 5'-tRNA halves are
abundantly accumulated in the EVs of HMDMs, and the ex-5' halves
of two out of the three major tRNAs identified in Mtb plasma sam-
ples, namely 5/-half1GVG and 5/-half 2ICACAAC  can activate TLR7
when delivered into the endosomes of HMDMs, inducing production
of TNF-o. and other cytokines.”*”” While Mtb plasma treated only
with RNase A and untreated plasma yielded comparable amplifica-
tion signals in TaqgMan RT-qPCR for the detection of both
5'-tRNA halves, the plasma treated with both RNase A and detergent
showed a marked decrease in these signals (Figure 4A), indicating
that the majority of the detected 5-tRNA halves are shielded from
RNase degradation in the absence of detergent. This protection sug-
gests that the 5'-tRNA halves are most likely localized inside the EVs.

Both sites of successive uridines at np 19-20 and 32-33 in 5'-half"*¢V¢
are required for its TLR7 simulation activity,”**” suggesting that
i-tRF™GUG5 and 5ARFTGYS detected in Mtb samples may
not robustly stimulate TLR7. In contrast, the 5'-terminal GUUU
sequence was shown to be necessary and sufficient for the activity of
5/ -halfVICAC/AAC 37 ooedting that 5-tREVACAC/AAC
5'-terminal sequences could activate TLR7. To investigate this, we
delivered the most abundantly identified 5’ LtREVACACAAC ¢ wwell as
5/ _halfV3CA AACinto the endosomes of HMDMs using a cationic
liposome reagent, 1,2-dioleoyloxy-3-trimethylammonium-propane
(DOTAP), which mimics exosomes and has been widely employed
for endosomal delivery of sncRNAs in previous studies.”*”” " As a
negative control, an inactive, 20-nt mutant version of HIV-1-derived
sSRNA, termed ssRNA41,'" was utilized. mRNA levels of both exam-
ined cytokines, TNF-a and IL-1P, were significantly increased upon en-
dosomal delivery of 5'-tREVICAC/AAC 4nd 5/ halfVICACIAAC (Rig.
ure 4B). Moreover, dramatically increased levels of these cytokines
were secreted into the culture medium following endosomal delivery
of these 5’ derivatives of tRNAYACAC/AAC (Figure 4C). These results
indicate that 5'-tRFVAICAC/AAC ¢ well as 5 -half "ICATAAC ywhich re-
tains the 5'-GUUU, strongly activates endosomal TLR7 in HMDMs,
inducing cytokine production.

retaining the

Figure 2. Analysis of the 5 derivatives of tRNA-derived sncRNAs

(A) Proportion of reads corresponding to 5’ derivatives, sourced from respective cytoplasmic tRNA species, in both H1 and M1 samples. The abundant &’ derivatives from all
eight samples are shown in Figure S2. (B) Heatmap representing read distribution for 5" derivatives originating from respective tRNAs. Coloration is based on the column’s Z
score. Note that these analyses are based on reads per million (RPM) values, not on normalized abundances.
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Figure 3. Abundant species of the 5 derivatives

(A) Sequences of highly abundant tRNA-derived sncRNAs (comprising >1% of each class) are shown alongside the sequences of their corresponding tRNAs (full tRNA
sequences are shown in Figure S3). The percentage values for each class (i.e., i-tRF-5', 5’-tRF, or 5 half) as well as the overall proportion within the whole pool of tRNA-
derived sncRNAs are indicated. The 5" and 3’ nucleotides, between which cleavage occurs to generate the 5’ and 3" ends of each sncRNA, are also displayed. (B) Cleavage

sites in the indicated tRNAs were predicted based on the terminal positions of the

identified i-tRFs-5' (blue arrowheads), 5'-tRFs (green arrowheads), and 5’ halves (red

arrowheads). Sequences of the most abundant tRNA-derived sncRNA are highlighted in colors: blue for i-tRF-5" and red for 5’ half. (C) Proportion of the 5’-terminal nucleotide

of the 5’ halves and 5'-tRFs of tRNAMSGUG,

Differential profiles of plasma rRNA- and mRNA-derived
sncRNAs between healthy individuals and Mtb-infected patients
Circulating sncRNAs can be derived from various types of transcripts,
not limited to tRNAs, and both circulating rRNA- and mRNA-derived
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fragments (rRFs and mRFs) are considered potential biomarkers in
various diseases.’®** % In Mitb-infected patients, rRF levels were
dramatically elevated (Figures 1B and 5A). Principal-component anal-
ysis (PCA) of rRFs demonstrated marked distinctions of their profile
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between healthy and Mtb-infected samples (Figure 5B). Although
most rRFs originated from 28S and 18S rRNAs in both healthy and
Mtb-infected samples (Figure 5C), an increase in 5S rRNA-derived
reads was particularly pronounced in the Mtb-infected samples
compared to the healthy cohort (Figure 5D). Fragment-wise correla-
tion analysis revealed consistently strong correlations in rRF profiles
among Mtb-infected samples, while healthy samples exhibited greater
variability and weaker correlation among them (Figure 5E). The weak-
est correlations were observed between healthy and Mtb samples, sug-
gesting the existence of distinct, Mtb-specific rRF profiles. Indeed,
sequence alignments demonstrated the presence of specific rRFs in
Mtb-infected patients, such as those derived from 18S rRNA starting
from np 880 and np 1579, which are here termed 18S-np880 and
18S-np1579, respectively (Figures 5F and S4).

mREF levels were also elevated in Mtb-infected patients, although the
extent of this increase was far less pronounced than that of tRNA- and
rRNA-derived sncRNAs (Figure 5G). Both gene-wise and fragment-
wise PCA of mRFs exhibited clear differences between healthy and
Mtb-infected samples (Figure 5H). Correlational analysis revealed
stark differences in mRF profiles between healthy and Mtb-infected
samples (Figure 5I). Gene-wise correlation data suggest that the
mRNA sources of mRFs are consistent within both healthy and

g ssRNA41 5'-half

Mtb-infected samples; however, they diverge
when comparing the two groups (Figure 5I).
Fragment-wise correlation results supported
these results, revealing that plasma-circulating
mRF profiles are consistent within healthy or
Mtb-infected groups while being different be-
tween the two groups.

5'-tRF
ValCAC/AAC

Infection-specific rRFs are potent activators
of macrophage TLR7

Given that tRNA-derived sncRNAs can activate
TLR7 (Figures 4B and 4C), we aimed to investi-
gate the potential immune-activating roles of rRFs. Of particular in-
terest were the 18S-np880 and 18S-np1579, originating from the np
880-906 and 1,579-1,618 of 18S rRNA, respectively. These rRFs
not only specifically accumulated in Mtb samples (Figures 5F, 6A,
and S4) but also feature tandem uridine sequences (Figures S5A
and S5B), which are known to be preferable ligands of TLR7."' We
also focused on 5S-np77, an rRF derived from 3’-terminal region
(np 77-120) of 5S rRNA (Figures 5F and S4). This rRF was also signif-
icantly upregulated upon Mtb infection (Figure 6A) and contains tan-
dem uridine sequences (Figures S5A and S5B). DOTAP-mediated de-
livery of these selected rRFs into the endosomes of HMDMs caused a
dramatic increase in the mRNA levels of TNF-a and interleukin (IL)-
1B (Figure 6B). The increases induced by 18S-np880 and 18S-np1579
were significantly higher than those induced by ssSRNA40, a widely
used HIV-derived ssRNA known to strongly activate endosomal
TLRs."" Furthermore, in our experiments at a specific time point,
the activity of all three examined rRFs was stronger than that of
R848, a TLR7 and -8 agonist used in cancer and infectious disease
therapies.”'"** These results suggest that these rRFs function as potent
immunostimulatory molecules. This was confirmed not only by
elevated cytokine mRNA levels but also by increased cytokine secre-
tion following endosomal delivery of these rRFs (Figure 6C). The
cytokine induction was significantly reduced when these rRFs were
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transfected into TLR7 KO HMDMs (Figure 6D), corroborating that
these rRFs induce cytokine production via TLR7.

We next explored sequence determinants of these active rRFs.
Consecutive uridine sequences (e.g., UU and UUU) in ligand ssRNAs
have been established as crucial for TLR7 binding.*” 18S-np880 con-
tains two instances each of UU and UUUU sequences. Replacing all
these uridines with adenines (designated as 18S-np880-M1; Fig-
ure S5C) resulted in loss of TLR7 activation (Figure 6E), confirming
the essential role of these consecutive uridine sequences for the activ-
ity. We then generated a mutant, 185-np880-M2, that retains second-
ary structure of 18S-np880 and two UUUU sequences but lacks the
two UU sequences due to their replacement with CC or CA (Fig-
ure S5C). This mutant exhibited TLR7-stimulating activity, albeit
significantly diminished compared to the wild-type 18S-np880 (Fig-
ure 6E), indicating that, while both UU sequences are important for
full activity, the presence of two UUUU sequences alone can still
confer partial activity. 18S-np1579 contains three UU sequences,
and their replacement with adenines (designated as 18S-np1579-
M1; Figure S5C) abolished the TLR7-simulating activity of 18S-
np1579 (Figure 6E), further emphasizing the importance of sequen-
tial uridines for the activity.

We further probed whether rRF-mediated TLR7 activation possesses
functional immune-stimulating and antimicrobial properties by con-
ducting bacterial elimination assays. Following DOTAP-mediated
endosomal delivery of the three active rRFs, HMDMs were infected
with Escherichia coli. After incubation, the E. coli-infected HMDMs
were lysed, and viable E. coli colonies were enumerated on Luria-Ber-
tani (LB) agar plates. As shown in Figures 6F and 6G, the number of
E. coli colonies was significantly reduced on plates corresponding to
HMDMs transfected with the active rRFs compared to those trans-
fected with the negative control, ssRNA41. These results suggest
that rRF-mediated activation of macrophages can effectively boost
cellular immunity in response to infection.

DISCUSSION

While circulating sncRNAs are increasingly garnering attention as
potential biomarkers and functional molecules in various diseases, a
significant portion of these extracellular sncRNAs contain either a
cP or 3'-P,** thereby eluding detection by standard RNA-seq.”* Given
that even a single species of cP-containing tRNA half, rRF, or mRF
can be much more abundant than total miRNAs in tissues** and
EVs,* standard RNA-seq data for circulating sncRNAs are consid-
ered to be inherently biased, as they exclude the majority of sncRNAs.

In this study, building upon previous efforts by other groups and
us,”>*® we employed T4 PNK pre-treatment of plasma RNA prior
to sncRNA sequencing. This allowed us to comprehensively capture
human plasma sncRNAs and to compare their differential profiles be-
tween healthy individuals and patients infected with Mtb. Our
research provides the first full sequencing and characterization of
circulating sncRNAs in Mtb-infected patients and reveals a drastic
and global accumulation of sncRNAs, with tRNA-derived sncRNAs
emerging as the most dramatically upregulated class. We do acknowl-
edge certain limitations in the present study, including the small sam-
ple size and the absence of detailed clinical information for the sam-
ples collected from men testing positive for Mtb immunoreactivity.
However, due to the magnitude of difference we observed between
healthy and Mtb samples, we are confident that our results reveal
genuine features of tuberculosis pathology. Supporting this assertion,
DESeq2 analysis showed markedly high fold changes in Mtb patients
and tremendously low p values for the sncRNAs highlighted in this
study (Table S1).

It is noteworthy that the accumulation of tRNA-derived sncRNAs in
Mitb-infected patients is skewed toward 5’ derivatives, in contrast to
those in healthy individuals. Although recent studies have provided
evidence that certain tRNA halves exist in the form of nicked mature
tRNAs,*>"” the scarcity of 3 derivatives suggest that 5’ and 3’ deriv-
atives of tRNA-derived sncRNAs can be regulated through distinct
and independent pathways. The existence of a specific pathway for
5' derivatives aligns well with multiple studies that have reported a
much higher accumulation of 5-tRNA halves compared to
3’-tRNA halves in various cell systems, including U20S cells under
oxidative stress, ANG-overexpressed HEK293T cells, Epstein-Barr vi-
rus-infected B lymphoblastic cells, as well as in diverse mouse tissues

and serum.®®”?

Our previous study demonstrated that the majority of 5/-half*YS
and 5-half*“YC in human plasma were RNase resistant under
detergent-free conditions,” while they were susceptible to degrada-
tion by RNase in the presence of detergent. We here observed the
same phenomena with 5'-half*CYS and 5/-half"?“A/AAC i Mth
patient plasma, suggesting that they are protected by incorporation
into EVs. After the anticodon cleavage of tRNAs in cells and tissues,
5’ halves, but not 3’ halves, may be selectively stabilized by their bind-
ing proteins and/or packaged into EVs. These stabilized 5’ halves may
subsequently be cleaved to generate other 5 derivatives such as
i-tRFs-5" and 5'-tRFs. Indeed, selective packaging of 5" halves into
HMDM EVs was observed in our previous study,”* and a greater

Figure 5. Analysis of sequencing reads mapped to rRNAs and mRNAs

(A) Abundance of rRFs originating from the indicated rRNAs. Read counts, normalized to those of spike-in RNAs, are shown. (B) PCA of rRFs. (C) Proportions of rRFs derived
from the indicated rRNAs. Average values from the four samples are shown. (D) Fold change of the rRFs (Mtb vs. healthy samples) derived from respective rRNAs. Note that
these analyses are based on reads per kilobase of each rRNA, per million (RPKM) values, not on normalized abundances. (E) Pearson correlation analysis among rRFs derived
from each rRNA. The color and size of each dot correspond to the correlation coefficient. (F) Read alignments of rRFs mapped to 18S and 5S rBRNAs in samples H1 and M1
were visualized using the IGV. The positions of the three rRFs examined in this study are indicated by red lines. Alignments of rRFs across all rRNAs for the eight libraries are
shown in Figure S4. (G) The normalized abundance of mRFs. (H) PCA of mRFs using MRNA IDs (gene-wise, left) or unique fragment counts (fragment-wise, right). () Pearson

correlation analysis of mRFs, both gene-wise and fragment-wise.
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indicated RNAs, HMDMs were subjected to bacterial infection and invasion assay. Representative images of plates with E. coli colonies (F) and bar graphs of the counted
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abundance of 5" halves compared to 3’ halves in human serum was
reported previously.”® Although ANG has been identified as an en-
doribonuclease that cleaves the anticodon loop of mature tRNAs to
produce tRNA halves,” further research is needed to determine

10 Molecular Therapy: Nucleic Acids Vol. 35 March 2024

whether ANG or other RNases are responsible for the drastic upregu-
lation of 5’ halves in Mtb-infected patients. The enzymes producing
i-tRFs-5' and 5-tRFs also remain unidentified, although our
sequencing analysis suggests preferential cleavage between
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pyrimidines and purines. Further investigation is required to eluci-
date the molecular mechanisms underlying the selective accumula-
tion of 5’ derivatives as well as the enzymes responsible for their pro-
duction and any interacting proteins that contribute to their
stabilization.

Further investigation is also needed to clarify why only a limited
number of tRNA-derived sncRNAs, specifically derived from three
tRNAs (tRNAMSGUG (RNACMCUC and tRNAVAICAC/AAC) T are
dramatically enriched in Mtb-infected patients. It is noteworthy
that the 5" halves of two out of these three tRNA species, tRNAHISCUG
and tRNAVAICAC/AAC Lave been identified as immunostimulatory
molecules that activate macrophage TLR7.***’ Six other 5 halves
examined, such as tRNA®MCYC did not stimulate endosomal
TLRs,”*" leading us to speculate that immune-active molecules
may be selectively accumulated in Mtb-infected patients through an
unknown mechanism. Our study strengthened this assumption by
demonstrating that 5'-tREVICACAAC) 45 well as 5/-halfYICAC/AAC)
can serve as potent TLR7 activators. It has been reported that 5’ hal-
ves“™M“UC dimerize, rendering them relatively stable,”* which may ac-
count for the abundant accumulation of tRNAM“YC_derived
sncRNAs.

In this study, we further demonstrated that the accumulation of circu-
lating rRFs and mRFs is dramatically enhanced in Mtb-infected pa-
tients. The correlational analysis results were particularly striking
for mRFs, which displayed a highly consistent and infection-specific
pattern of production. Although less definitive, a similar trend was
observed for rRFs. Of particular interest to us were certain infec-
tion-specific rRFs that proved to be potent activators of TLR7, the
finding of which aligned with our assumption that immunostimula-
tory molecules can be selectively accumulated in Mtb-infected pa-
tients. Our findings are also in line with a previous study showing
that rRNA-derived sncRNAs act as circulating DAMPs, which are
released under various conditions, both within and outside of
EVs.”* The biogenesis of these rRFs is still not fully understood. While
RNasel cleaves extracellular rRNA,”® this activity seems to have an
anti-inflammatory effect.

Previous studies have demonstrated that post-transcriptional modifi-
cations of RNAs can impede or alter their immunogenicity.*>**7%”
However, out of our three focused rRFs, two (18S-np1579 and 5S-
np77) are expected to be unmodified. This is based on the compre-
hensive identification of rRNA modifications,”® which indicated
that the regions in 18S and 5S mature rRNAs remain unmodified.
The remaining rRF, 18S-np880, is expected to contain pseudouridine
(W) at np 897. However, this modification was found only at low
levels (23%) in mature 18S rRNA,”® suggesting that the unmodified
18S-np880 is likely the dominant form. Therefore, we believe that
our experiments using synthetic unmodified rRFs closely represent
endogenous phenomena.

While further studies are needed to determine whether the levels of
TLR7-stimulating sncRNAs are sufficient to affect the proinflamma-

tory environment in the blood upon Mtb infection, our previous
study has proved that 5'-half*SUS is present at a physiologically
relevant concentration capable of inducing cytokine production via
TLR?7 activation.”* Upon TLR7 stimulation, it is plausible that ANG
generation could be induced through NF-kB-mediated transcription
of the ANG gene.3 4 Additionally, TLR7 stimulation has been shown to
produce reactive oxygen species,”* which may generate oxidative
stress that triggers ANG-generated tRNA cleavage to produce
stress-induced tRNA halves.”®”” In both potential scenarios, a feed-
forward mechanism may exist that promotes further production of
immunostimulatory molecules upon TLR7 activation, potentially re-
sulting in the observed drastic upregulation of these molecules in
Mtb-infected patients.

The induction of TNF-a via TLR7 activation by circulating tRNA-
and rRNA-derived sncRNAs highlights a potential physiological
role these sncRNAs may have within the context of tuberculosis.
TNF-o accumulates in the serum of Mtb patients and has been shown
to be a key factor in the formation of granulomas, wherein a core of
infected macrophages is surrounded by other macrophages and lym-
phocytes.">">* Granuloma formation is a crucial step in the
immune response to tuberculosis; its disruption, for example by
anti-TNF-o. monoclonal antibodies (mAbs), is associated with the
'° We postulate that highly abundant
sncRNAs, capable of activating TLR7, promote the immune response
to tuberculosis by enhancing TNF-o production and subsequent
granuloma formation. Moreover, TLR7 activation, either through
ssRNA or imiquimod, can promote the death of Mtb by autophagy,
suggesting a direct mechanism whereby the sncRNA molecules we
have identified here may contribute to the elimination of the invading
bacteria.”>”* The ability of our rRNA-derived sncRNAs to impede
bacterial infection further supports the hypothesis that these mole-
cules might function as part of an RNA-mediated antimicrobial
response to Mtb infection.

resuscitation of dormant Mtb.

Although not capable of activating TLR7, tRNA“™“VC_derived frag-
ments, which were highly accumulated in Mtb patients, may also
play a role in the immune response to Mtb infection. In the context
of respiratory syncytial virus (RSV) infection, the 5'-half*“Y binds
to mRNA and inhibits the translation of apoER2, which is involved
in disruption of viral genome synthesis, thus implicating the 5" half
in immune evasion by RSV.*' Further, evidence suggests that signaling
through apoER2 drives the polarization of macrophages to an anti-in-
flammatory M2 phenotype.*” The inhibitory activity of 5'-half*“Y in
apoER2 expression is dependent upon the first 18 nt of 5'-half®"Y¢,
sequence found in approximately 10% of the tRNAMVC.derived
sncRNAs in our Mtb samples.

a

Our finding that both 5'-half'*“A“/*AC and a shorter derivative,
5/_tREVRICACIAAC 1 ossess TLR7-activating potential provides insights
not only into the pathophysiology of Mtb infection but also into other
diseases beyond tuberculosis. For example, a previous study found
that the circulating 5'-half"!“A“/AAC detected in the serum of amyo-
trophic lateral sclerosis (ALS) patients is associated with slow disease
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progression,” although the details of this connection are yet to be
clarified. Increased levels of 5'-half’*“A*“/*AC have been observed
in the spinal cord of SOD%*** mice, an ALS model, which exhibit a
slower disease progression.*” It is possible that the tRNAYCA-
CIAAC_derived sncRNAs might induce the production of TNF-a,
whose protective role has been demonstrated in SOD%*** mice®*
and that is present at elevated levels in ALS patients.*® Therefore,
the circulating sncRNA molecules highlighted in our study may be

implicated in the pathophysiology of a diverse array of diseases.

The activity and abundance of the sncRNAs highlighted in our study
imply potential therapeutic applications. If these sncRNAs drive
pathological inflammation, targeting and inhibiting them may offer
ameans to mitigate such inflammation. Conversely, if they have bene-
ficial health implications, they could be explored as therapeutic
agents. Several small-molecule activators of TLR7 have been studied
8¢ One such molecule, R848 (resiquimod), has
been shown to reduce tumor burden and extend survival in a pancre-
atic cancer mouse model.*” We observed that all of our rRFs induced a
stronger TNF-a and IL-1f response than R848 in our experiments at
a specific time point. Future research should explore the potential of
these circulating sncRNAs as non-invasive diagnostic biomarkers.
For Mtb infection, markers capable of distinguishing between degrees
of active infection or identifying patients on the road to recovery and
those with persistent infection would be especially valuable. To
achieve this, studies involving larger cohorts with varied clinical pa-
rameters are essential. A more profound understanding of the biogen-
esis, packaging, and stabilization of circulating sncRNAs, coupled
with insights into their biological roles, will deepen our appreciation
of their potential applications.

for cancer treatment.

MATERIALS AND METHODS

Ethical approval, human plasma samples, and RNA isolation

The Office of Human Research (OHR) of Thomas Jefferson Univer-
sity (TJU) approved our use of human plasma samples without any
private information, adhering to all federal, institutional, and ethical
guidelines. We obtained the de-identified plasma samples from a bio-
logical specimen company, BioIVT. The human plasma samples were
sourced from males between the ages of 30 and 35 years for both
healthy individuals and patients infected with Mtb (Table S2). RNA
isolation from these plasma samples was carried out as described pre-
viously.”**
at 16,100 x g for 5 min, after which 400 pL of supernatant were taken
and mixed with synthetic spike-in RNAs (Table S3), followed by RNA
extraction using TRIzol LS (Invitrogen). Further purification of the
extracted RNAs was achieved using the miRNeasy Mini Kit (Qiagen).

First, 500-pL aliquots of plasma samples were centrifuged

Multiplex quantification of 5'-tRNA halves

The levels of 5-tRNA halves were quantified using a multiplex
TagMan RT-qPCR method that we developed for specific quantifica-
tion of 5'-tRNA halves using limited starting materials.*> Briefly,
400 pL of plasma were mixed with 1 fmol of spike-in control RNA
(5"-GGGAGGCAAGCCCGACGUCGUCCAGAUUGUCCGC-3')
and subjected to RNA extraction as described above. The RNA pellet
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was resuspended in 8 pL of RNase-free water. Subsequently, 2 uL of
this solution were used for T4 PNK treatment and 3'-AD ligation as
described previously.*> Multiplex TagMan RT-qPCR was performed
using One Step PrimeScript RT-PCR Kit (Takara Bio) on a StepOne
Plus Real-time PCR machine (Applied Biosystems). The Ct value of
the Spike-in RNA was used for normalization. The sequences of tar-
geted 5'-tRNA halves, primers, and TagMan probes are shown in
Tables S4 and S5. The information on sncRNA “license plates™®®
and names via tDRnamer®’ for the targeted sncRNAs in this study
are included in Tables S4. To confirm the presence of 5'-tRNA halves
in EVs, Mtb plasma sample was incubated with PureLink RNase A
(400 ng/uL, Thermo Fisher Scientific) with or without 0.5% Triton
X-100 at 37°C for 30 min.

Pre-treatment of plasma RNA with T4 PNK, sncRNA sequencing,
and data analysis

Plasma RNA mixed with spike-in RNAs, extracted as described
above, was treated with T4 PNK in the presence of 1 mM ATP at
37°C for 40 min, followed by phenol/chloroform/isoamylalcohol
extraction and ethanol precipitation. The RNA was then subjected
to cDNA amplification using the TruSeq Small RNA kit (Illumina).
The amplified cDNAs were gel purified, and their quality and amount
were assessed by a Bioanalyzer High Sensitivity DNA chip (Agilent)
and Qubit (Thermo Fisher Scientific). The ¢cDNA libraries were
sequenced on Illumina NextSeq 500 at the MetaOmics Core Facility
of the Sidney Kimmel Cancer Center at TJU.

Bioinformatic analyses were performed as described previously.**”!
In brief, we utilized the cutadapt tool (DOI: https://doi.org/10.
14806/¢j.17.1.200) to remove the 3'-AD. After selecting 15- to 60-nt
reads, we used Bowtie2 (2.3.5) for mapping.”” Mapped read numbers
were normalized by those of spike-in RNAs. Data analysis and visu-
alization were carried out using R packages: gplots for heatmap anal-
ysis and corrplot for Pearson correlation analysis. Differential expres-
sion analysis for rRFs and mRFs was carried out, and PCA plots were
prepared using DESeq2.”" rRF sequence alignments were prepared
using the Integrative Genomics Viewer (IGV).”

In vitro RNA synthesis

The synthetic RNAs used in this study (Table S4) were synthesized
in vitro as described previously.”**’ dsDNA templates were prepared
using PrimeSTAR GXL DNA Polymerase (Takara Bio) and the
primers shown in Table S5. In vitro transcription reaction with T7
RNA polymerase (New England Biolabs) was carried out at 37°C
for 6 h. For 18S 1579-1618 and 5S 77-120, the reaction mixtures
were further subjected to three cycles of 90°C for 2 min and 37°C
for 30 min to induce ribozyme cleavage. The synthesized RNAs
were then gel purified using denaturing PAGE with single-nucleotide
resolution.

Cell culture, endosomal delivery of RNA, and quantification of
cytokines

THP-1 human acute monocytic leukemia cells (American Type Cul-
ture Collection) were cultured in RPMI 1640 medium (Corning) with
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10% FBS and differentiated into HMDMs using phorbol 12-myristate
13-acetate (PMA; Sigma-Aldrich) as described previously.”*** TLR7
KO THP-1 cell lines, whose TLR7 expression is completely depleted,
were previously generated via CRISPR-Cas9.”* Before endosomal de-
livery of RNAs, the cells were primed with 100 units/mL of interferon
gamma (Thermo Fisher Scientific) for 24 h.”* To deliver RNAs to en-
dosomes, we used the cationic liposome DOTAP (Sigma-Aldrich) as
previously described.”**” In brief, 230 pmol of synthetic RNAs or
R848 (Invitrogen) were mixed with 60 uL of HEPES buffered saline
(HBS) and 15 puL of DOTAP reagent and incubated for 15 min.
The RNA-DOTAP solution was then added to 1 mL of RPMI 1640
medium with 2% FBS, followed by incubation of the cells for 16 h.

For quantification of cytokine mRNAs by RT-PCR, as in our previous
study,” total RNA was extracted from the cells using TRIsure (Bio-
line), treated with DNase I (Promega) and subjected to reverse tran-
scription using RevertAid Reverse Transcriptase (Thermo Fisher Sci-
entific) and a reverse primer. The synthesized cDNAs were then
subjected to PCR using 2xqPCR Master Mix (Bioland Scientific)
and forward and reverse primers, as described in our previous
study.’® The abundance of the target mRNA was calculated as a ratio
to GAPDH mRNA and further normalized to the control experiment
(transfection of ssRNA41). Cytokine concentrations in the culture
media of HMDMs were measured by Multiplexing LASER Bead
Technology (Eve Technologies).

Bacterial infection and elimination assay

After 16 h of DOTAP transfection of RNAs, HMDMs (1 x 10° cells)
were plated on six-well plates and incubated with E. coli (with a mul-
tiplicity of infection [MOI] of 10) in RPMI 1640 (without antibiotics)
for 1 h at 37°C. HMDMs were then washed with PBS three times and
incubated with RPMI 1640 containing a high concentration (3x) of
penicillin-streptomycin (Thermo Fisher Scientific) at 37°C for 1 h.
Medium was then replaced with RPMI 1640 containing a normal con-
centration (1x) of penicillin-streptomycin followed by further incu-
bation at 37°C for 24 h. HMDMs were then washed and lysed with
0.5% Triton X-100. Intracellular bacteria were enumerated by plating
on LB agar plates.
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