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Ditterential 5-tRNA Fragment Expression in
Circulating Preeclampsia Syncytiotrophoblast
Vesicles Drives Macrophage Inflammation

William R. Cooke™, Peiyong Jiang®?, Lu Ji‘®, Jinyue Bai, Gabriel Davis Jones‘2, Y. M. Dennis Lo, Christopher Redman(,
Manu Vatish

BACKGROUND: The relationship between placental pathology and the maternal syndrome of preeclampsia is incompletely
characterized. Mismatch between placental nutrient supply and fetal demands induces stress in the syncytiotrophoblast,
the layer of placenta in direct contact with maternal blood. Such stress alters the content and increases the release of
syncytiotrophoblast extracellular vesicles (STB-EVs) into the maternal circulation. We have previously shown 5’-tRNA
fragments (5’-tRFs) constitute the majority of small RNA in STB-EVs in healthy pregnancy. 5’-tRFs are produced in response
to stress. We hypothesized STB-EV 5-tRF release might change in preeclampsia.

METHODS: We perfused placentas from 8 women with early-onset preeclampsia and 6 controls, comparing small RNA
expression in STB-EVs. We used membrane-affinity columns to isolate maternal plasma vesicles and investigate placental
5-tRFs in vivo. We quantified 5-tRFs from circulating STB-EVs using a placental alkaline phosphatase immunoassay.
5’-tRFs and scrambled RNA controls were added to monocyte, macrophage and endothelial cells in culture to investigate
transcriptional responses.

RESULTS: 5-tRFs constitute the majority of small RNA in STB-EVs from both preeclampsia and normal pregnancies. More
than 900 small RNA fragments are differentially expressed in preeclampsia STB-EVs. Preeclampsia-dysregulated 5’-tRFs
are detectable in maternal plasma, where we identified a placentally derived load. 5"-tRF-Glu-CTC, the most abundant
preeclampsia-upregulated 5’-tRF in perfusion STB-EVs, is also increased in preeclampsia STB-EVs from maternal plasma.
5’-tRF-Glu-CTC induced inflammation in macrophages but not monocytes. The conditioned media from 5"-tRF-Glu-CTC-
activated macrophages reduced eNOS (endothelial NO synthase) expression in endothelial cells.

CONCLUSIONS: Increased release of syncytiotrophoblast-derived vesicle-bound 5’-tRF-Glu-CTC contributes to preeclampsia
pathophysiology.  (Hypertension. 2024;81:876-886. DOI: 10.1161/HYPERTENSIONAHA.123.22292,) -
Supplement Material.
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multiple causes and a variable phenotype. Clinical
features are characterized by maternal sterile inflam-
mation and endothelial dysfunction.” A point of conver-
gence in the disorder is stress in the syncytiotrophoblast,
the interface between maternal and fetal circulations.?

Preeclampsia is a complex placental syndrome, with

The link between syncytiotrophoblast stress and mater-
nal symptoms, likely through blood-borne factors, is
incompletely characterized.®> Angiogenic proteins (sFlt-1
[soluble fms-like tyrosine kinase] and PIGF [placental
growth factor]) are important syncytiotrophoblast stress
signals that contribute to the preeclamptic syndrome.*
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Trophoblast 5-tRNA Fragments in Preeclampsia

NOVELTY AND RELEVANCE

What Is New?

5-tRNA fragments (5’-tRFs) are the most abundant
small RNA species within preeclampsia syncytiotro-
phoblast extracellular vesicles (STB-EVs) and are dif-
ferentially expressed compared with normal pregnancy.
A proportion of 5”-tRFs in the maternal circulation are
placentally derived. The most abundant upregulated
5-tRF in preeclampsia STB-EVs is 5-tRF-Glu-CTC;
this has been discovered by placental perfusion and
corroborated in plasma. 5’-tRF-Glu-CTC has proin-
flammatory effects on macrophages.

What Is Relevant?

Preeclampsia is a placentally derived hypertensive dis-
order, which can result in multi-organ failure. Recent
studies report STB-EVs could promote preeclampsia
through macrophage activation. Our findings suggest
5”-tRFs may underlie some proinflammatory actions of
STB-EVs in preeclampsia.

Clinical/Pathophysiological Implications?
STB-EV 5-1RFs represent a feto-maternal signal with
sufficient complexity to contribute to the varied clini-
cal features of preeclampsia. 5’-tRFs may represent a
biomarker or therapeutic target in this syndrome.

Nonstandard Abbreviations and Acronyms

5’-tRFs  5-tRNA fragments

DOTAP N-[1-(2,3-dioleoyloxy)propy!]-N,N,N-
trimethylammonium methylsulfate

eNOS endothelial NO synthase

EV extracellular vesicle

MLEV medium-large extracellular vesicle

PIGF placental growth factor

SEV small extracellular vesicle

STB-EV  syncytiotrophoblast extracellular vesicle

sFit-1 soluble fms-like tyrosine kinase-1

tRF tRNA fragment

Excess sFlt-1 sensitizes endothelial cells to proinflam-
matory cytokines.? These molecules have been success-
fully applied to the clinical diagnosis of preeclampsia.
Altered extracellular vesicle [EV] release from the syncy-
tiotrophoblast, while also a key contributor in the patho-
physiology of preeclampsia, remains underexplored.”

The healthy syncytiotrophoblast releases EVs (STB-
EVs) directly into the maternal circulation.” These lipid
bilayer-bound particles are decorated with surface pro-
teins and shuttle their contents to distant cells. Cellular
stress increases EV release; this is reflected in pre-
eclampsia where circulating STB-EVs are more abun-
dant® STB-EV cargoes also change in preeclampsia;
for example, NO synthase expression is reduced and
neprilysin (a metalloprotease causing hypertension) is
increased.®'°

We recently reported 5-tRNA fragments (5’-tRFs)
as the predominant small RNA species in healthy STB-
EVs."" 5-tRFs form when mature tRNA molecules are
cleaved by many stress-induced ribonucleases includ-
ing angiogenin.'”? They can be exported as EV cargo.”™

Hypertension. 2024;81:876—-886. DOI: 10.1161/HYPERTENSIONAHA.123.22292

5-tRF expression profiles can be complex; at least 417
tRNA genes can be cleaved at multiple loci."* 5-tRFs
are also multifaceted signaling molecules, regulating
transcription, translation, and epigenetic inheritance.’
5’-tRFs have mostly been investigated in cancer biology
and immunology, where they are described as intracel-
lular, autocrine, and paracrine signals.'31%'7

5’-tRFs are stress signals; syncytiotrophoblast stress
is a key feature of preeclampsia. We hypothesized that
syncytiotrophoblast 5’-tRF release may change in pre-
eclampsia. We used placental perfusion as a source of
STB-EVs to show that 5-tRF expression in preeclampsia
differed from healthy pregnancy. Our in vivo work demon-
strated a placentally derived load of circulating 5™-tRFs.
5-tRF-Glu-CTC (the most abundant preeclampsia-
upregulated 5-tRF) was increased in preeclampsia
plasma STB-EVs. Cell culture studies found 5-tRF-
Glu-CTC triggered sterile inflammation in macrophages.
Together these findings suggest 5-tRFs may link syn-
cytiotrophoblast stress with maternal inflammation in
preeclampsia.

METHODS

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Sample Collection and Storage

This project was approved by the Central Oxfordshire Research
Ethics Committee (07/H0607/74 and 07/H0606/148). All
participants provided informed written consent. Preeclampsia
was defined using the International Society for the Study of
Hypertension in Pregnancy classification.’® Placentas were
obtained at the time of cesarean section and perfused within
10 minutes of delivery. Uterine vein samples were taken during
cesarean section, just before uterine incision, ipsilateral to the
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placental site. Peripheral blood samples were taken from the
antecubital fossa; 21-gauge needles and 4.5 mL sodium citrate
vacutainers were used for venepuncture (BD Diagnostics, UK).
Nonpregnant samples were from female volunteers of repro-
ductive age. Plasma was obtained by centrifugation at 15600g
for 15 minutes. Samples were processed within 30 minutes of
collection, aliquoted, and stored at —80 °C.

Placental Perfusion

Placentas from 8 women with early onset preeclampsia and
6 normotensive pregnancies were perfused using a well-
established dual-lobe perfusion technique.'® Maternal per-
fusate was centrifuged at 10 000g for 30 minutes to isolate
medium-large EVs (MLEVs). The supernatant was centrifuged
at 1560 000g for 2 hours to isolate small EVs (SEVs). Biopsies
of placental tissue were taken from the maternal surface of a
nonperfused lobe. EVs were characterized using Nanoparticle
Tracking Analysis, transmission electron microscopy and
Western blotting as described previously.'

RNA Sequencing

RNA was isolated from MLEVs, SEVs, and placental tis-
sue using total RNA Purification Plus Kit (Norgen Biotek
Corporation, Canada). After confirming RNA quantity and
integrity using Bioanalyzer (Agilent Technologies, Germany),
the same amount of input RNA was loaded for library prepa-
ration using the NEBNext Multiplex Small RNA library prepa-
ration kit (New England Biolabs). Libraries were size selected
for fragments 15 to 50 bp by gel electrophoresis; fragment
size and concentration were confirmed using high sensitiv-
ity D1000 ScreenTape (Agilent, UK). Single-end sequencing
by synthesis was undertaken using an lllumina HiSeq 2500
machine (lllumina). One preeclampsia sample was removed
from the SEV/placenta groups due to a technical issue.

Sequence reads were analyzed using sSRNAnalyzer2° Briefly,
sequencing adaptors and low-quality reads were removed
using Cutadapt2' All identical reads in sequence reads were
collapsed, thus, generating a set of unique reads (referred to
as fragment ID in this study). The number of sequence reads
attributed to a fragment ID were defined as the raw expression
level of such a fragment ID. The fragment IDs were mapped
to the human small RNA databases allowing 2 mismatches.
The human small RNA databases comprised miRNA, piRNA,
snoRNA, rRNA, and tRNA22223 The normalized expression
level for each fragment ID within a class of RNA was used
for downstream differential expression analyses. The normal-
ized expression level for a fragment ID in a RNA class was
calculated by dividing the raw expression level by a per million
scaling factor of total reads of that RNA class, expressed as
reads per million (RPM). Compared with healthy placentas, dif-
ferentially expressed fragment IDs in the MLEVs of preeclamp-
sia placentas were determined using the following criteria: (1)
At least 1 MLEV sample had expression level of >100 RPM,
(2) Pvalue was required to be <0.05 based on Mann-Whitney
U test after Benjamini-Hochberg correction. The in-house bio-
informatics pipeline was written in Perl and R languages for
counting sequence reads, tag annotations, and differential
expression analysis. Sequence read archive data for blood cell
datasets were downloaded from NCBI, with identifiers shown
in Table S3.
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Plasma EV RNA isolation

Plasma aliquots were thawed at 37 °C and centrifuged
at 3000g for 5 minutes to remove cryoprecipitates. For
membrane-based affinity isolation of total vesicular RNA, 500
pL plasma was loaded onto exoRNeasy Midi columns (Qiagen,
Germany). For magnetic-bead isolation of STB-EV RNA, 500
pL plasma was centrifuged at 10 000g for 30 minutes and
the total EV pellet washed once before resuspension with
biotin-saturated MojoSort streptavidin magnetic nanobeads
(Biolegend) to deplete nonspecific binding. The supernatant
was resuspended with nanobeads prebound with biotinylated
in-house PLAP (placental alkaline phosphatase) antibody,
known as NDOG2.2* Bead-STB-EV complexes were washed 4
times before EV RNA isolation using Trizol LS (Invitrogen). RNA
was stored in aliquots at —80 °C.

Reverse Transcription-qPCR Detection
Custom Tagman stem-loop assays were designed for specific
small RNA target sequences identified from RNA sequencing
analysis (Applied Biosystems). Assay linearity and specificity
were verified. Perfusion samples were normalized to TBP (con-
firmed empirically to be a suitable reference). Plasma samples
were normalized to Caenorhabditis Elegans miR-39 spike-in.
Quantitative PCR (qPCR) assays are documented in Table
S4. QuantStudio qPCR instruments (Applied Biosystems) auto-
matically determined quantification cycles using standard set-
tings; quantification cycles, >35 was considered undetectable.
Relative expression was determined by following the Pfaffl
approach, normalizing to median expression in the control group.

Cell Culture

THP-1 cells (ATCC) were seeded onto 24-well Nunc plates at
50 000 cells per well in RPMI-1640 medium supplemented
with 10% fetal calf serum. Cells were grown with 6.2 ng/mL
phorbol 12-myristate-13-acetate for 24 hours to differentiate
into macrophages. Transfection experiments were performed
using RNA oligonucleotides (IDT) with a 5-P modification;
the sequence for tRF-A is shown in Table S2. The scramble
RNA control was the most abundant STB-EV tRF without 5-P
modification and U nucleotides replaced with A (sequence 5'-
GCAAAGGAGGAACAGAGGAAGAAAACACGCCA-3). RNA
(9.2 umol/L) was packaged into lipid vesicles using N-[1-(2,3-
Dioleoyloxy)propyl]-N,N,N-trimethylammonium  methylsulfate,
following manufacturer's instructions (Roche, Switzerland) and
in line with a prior publication.'” Human umbilical vein endothe-
lial cells were purchased and seeded onto 24-well Nunc plates
at 25 000 cells per well in endothelial cell growth medium 2
(PromoCell, Germany). Macrophage supernatant experiments
were conducted by preparing 2X Growth Medium and mix-
ing 50:50 with THP-1 supernatant. Cellular RNA was iso-
lated using RNeasy Plus Mini Kit (Qiagen, Germany). Target
mRNA expression was quantified and normalized to GAPDH.
Preamplification was used to detect IL-12B using TagMan
master mix #4391128 with 10 cycles.

Data Presentation

All data within this article are derived from distinct samples.
Figures 3B and 4A and the graphical abstract were created
using BioRendercom (Toronto, Canada). Statistical analyses
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and figures were generated using RStudio (RStudio) and
Prism9 (GraphPad). Suspected outliers were excluded if over
the 85" centile. Unpaired 2-tailed Mann-Whitney U tests were
used throughout unless specifically stated within the figure
legend.

RESULTS

Preeclamptic Syncytiotrophoblast Exports
5’-tRFs in EVs, Mirroring Healthy Pregnancy

We isolated SEVs and MLEVs, alongside placental biop-
sies, from 8 placentas with early onset preeclampsia and
6 normotensive controls using dual-lobe placental perfu-
sion. Pregnancy characteristics are shown in Table S1.
We performed single-end small RNA sequencing (size
selecting <560 nucleotides). Sequence length distribution
plots confirmed the majority of reads in MLEVs and SEVs
from both preeclampsia and normal placentas were 30
to 34 nucleotides long (Figure 1A). In contrast a peak
at 22 nucleotides was greater in the placental samples
from both groups. The majority of fragments in MLEVs
and SEVs mapped to tRNA species, rather than to the
ribosomal RNA and micro-RNA species seen in placen-
tal tissues (Figure 1B). Coverage plots demonstrated
that 5’-tRFs (but not 3’-tRFs) constitute almost all tRNA
reads in EVs in preeclampsia, as well as normal pregnan-
cies (Figure 1C).

5’-tRFs Are Differentially Expressed in STB-
EVs From Preeclampsia compared With
Normotensive Placentas

We used a bespoke bioinformatics pipeline to investigate
differential expression of tRFs. To minimize data loss, we
assigned each unique fragment an identifier, then anno-
tated fragments after differential expression analysis
(Methods). We identified 983 differentially expressed
small RNA fragments in preeclampsia MLEVs compared
with controls; 182 mapped to 5’-tRFs using GtRNAdb
2.02 No fragments were found to be differentially
expressed in preeclampsia SEVs.

The 12 most abundant differentially expressed frag-
ments are shown in Table. Using the sum of preeclamp-
sia MLEV normalized counts as a denominator, these 12
fragments account for 64% of the differentially expressed
counts. Five percent of these counts were accounted for
by the 626 least abundant fragments. Thus, a small num-
ber of abundant fragments represented the majority of
the signal in an otherwise complex dysregulated small
RNA profile in preeclampsia MLEVs.

Comparing to human small RNA databases using
conventional mapping, among the 12 most abundant
differentially expressed fragments, 3 were identified as
5’-tRFs and 4 as piwi-interacting RNAs. The remaining b
had no directly matched reference sequences. Review of
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fragment sequences demonstrated substantial overlap;
indeed all 12 showed only 1 or 2 nucleotide insertions
or deletions differentiating them from known 5’-tRFs
(Table). By adapting the post hoc mapping strategy to
incorporate up to 2 insertions or deletions, it was evident
that the majority of differentially expressed small RNA in
preeclampsia are 5-tRFs. A complex profile of differen-
tial expression in preeclampsia MLEVs was thus domi-
nated by minor variants of a handful of abundant 5"-tRFs.

We sought 3 target 5’-tRFs that were differentially
expressed in preeclampsia STB-EVs to validate our find-
ings ex vivo (in placental perfusion samples) and in vivo
(in plasma). 5’-tRFs are known to be expressed in other
circulating EVs, most notably from immune cells. The most
abundant EVs in plasma are blood-cell derived. Hence,
we used publicly available blood-cell data sets to quantify
possible target 5-tRFs likely to be within contaminating
EVs in plasma. Using these data we selected 3 tRFs for
validation which were: abundant in STB-EVs (above 90th
centile preeclampsia expression among 983 differen-
tially expressed fragments), upregulated in preeclampsia,
and of low relative abundance in potentially contaminat-
ing EV source cells (Table S2). The relative abundance
of these 3 targets in STB-EVs using RNA sequencing
is shown in Figure 2A (5’-tRF targets named A, B, and
C for brevity but full sequences and tRNA derivations
shown in Table S92).

We used custom small RNA assays with stem-looped
reverse transcription primers and specific minor-groove
binding TagMan probes to compare relative 5-tRF
expression in STB-EVs obtained by perfusion using
quantitative real-time polymerase chain reaction. Results
validated target 5-tRF upregulation and effect sizes
were consistent with RNA sequencing findings (median
1.4-fold upregulated in preeclampsia; Figure 2B).

Proportion of 5’-tRFs Are Pregnancy-Specific
and Placentally Derived in the Maternal
Circulation

Total EV RNA was isolated from maternal plasma using
membrane-affinity columns. EV size profiles for plasma
were comparable to perfusion MLEVs (Figure S1).
Extensive characterization of plasma membrane-affinity
EVs has previously been published.?® Target 5-tRFs
were significantly more abundant in pregnant periph-
eral plasma EVs than in nonpregnant matched control
samples (median 3.0-fold higher in pregnancy; £<0.05
for all 3; Figure 3A). The difference between these
sample groups suggested a pregnancy-specific load of
5”-tRFs in plasma EVs. The high abundance of these
5”-tRFs in nonpregnant samples confirms they were not
unique to pregnancy (median quantification cycle val-
ues in nonpregnant samples: A 24.0, B 279, C 25.9).
We then acquired paired plasma samples simultaneously
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Figure 1. Assessment of reads <50 base pairs (bps) from medium-large extracellular vesicles (MLEVs), small extracellular
vesicles (SEV), and placental samples obtained from placentas in normotensive pregnancy (normal, n=6) and early onset
preeclampsia (PE, n=8).

A, Sequence length distribution plots showing size in bp for small RNA fragments after removal of adaptors and low-quality reads. B, Mapping
of small RNA fragments. C, Coverage plots showing percentage of per-base coverage for mapped tRNA fragments.
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Table. Descriptors of 12 Most Abundant Differentially Expressed Small RNA Fragments in Early Onset Preeclampsia (PE)
Perfusion STB-EVs Compared With Normotensive (N) Perfusion STB-EVs, Ranked by Abundance

=)
=
Mapping Mapping | Mean PE | SDPE | MeanN | SDN Log2Fold | Adjusted | % PE DE =
Rank | Sequence Length | no indel <2indel | count count count count change P value reads =
=
1 GCATTGGTGGTTCAGTGG- 32 tRF-Gly- tRF-Gly- 273 954 18135 | 305199 | 17604 | —0.16 0.0335 24.5 :
TAGAATTCTCGCCT GCC GCC =
2 GCATTGTGGTTCAGTGG- 31 Unmatch tRF-Gly 102499 | 14060 | 161979 | 28 840 | —0.66 0.0058 9.2 E
TAGAATTCTCGCCT GCC (rnd
3 TCCCTGTGGTCTAGTGGT- 32 Unmatch tRF-Glu- | 91 226 23 407 | 42503 8037 1.10 0.0058 8.2
TAGGATTCGGCGCT CTC
4 GCATTGGTGGTTCAGTGG- 32 tRF-Gly- tRF-Gly- 62 934 10260 | 78 646 6927 —0.32 0.0150 5.6
TAGAATTCTCGCCC GCC GCC
5 TCCCTGGTGGTCTAGTGGT- 33 tRF-Glu- tRF-Glu- 52 051 18436 | 18 405 5423 1.50 0.0054 4.7
TAGGATTCGGCGCT CTC CTC
6 TCCCTGGTGGTCTAGTGGT- 32 piR- tRF-Glu- 27 597 6781 11 286 2564 1.29 0.0085 2.5
TAGGATTCGGCGC hsa-5938 | CTC
7 GCATTGTGGTTCAGTGG- 31 Unmatch tRF-Gly- 24 069 6717 41 872 9820 —0.80 0.0058 2.2
TAGAATTCTCGCCC GCC
8 TCCCTGTGGTCTAGTGGT- 32 Unmatch tRF-Glu- 20922 2939 11 389 1846 0.88 0.0058 1.9
TAGGATTCGGCGCC CTC
9 GCATTGTGGTTCAGTGG- 30 Unmatch tRF-Gly 20992 4826 32864 7785 —0.65 0.0305 1.9
TAGAATTCTCGCC GCC
10 TCCCTGGTGGTCTAGTGGT- 31 piR- tRF-Glu- 15003 6543 3282 922 2.19 0.0085 1.3
TAGGATTCGGCG hsa-5938 | CTC
1 GCCCGGCTAGCTCAGTCG- | 82 piR- tRF-lys- | 12891 | 2710 | 20600 | 4403 | —0.73 0.0220 | 1.1
GTAGAGCATGAGAC hsa-27622 | CTT
12 GTTTCCGTAGTGTAGTGGT- 31 piR- tRF-Val- 11802 2537 21618 6164 —0.87 0.0128 1.1
TATCACGTTCGC hsa-28877 | AAC

Rows showing targets downregulated in preeclampsia are shaded gray. Mapping is shown with no insertions or deletions (indel) or permitting up to 2. DE indicates

differentially expressed; and STB-EV, syncytiotrophoblast extracellular vesicles.

from the uterine and peripheral veins of women without
preeclampsia undergoing elective cesarean section for
an indication unrelated to preeclampsia (eg, breech pre-
sentation) before delivery of the feto-placental unit. The
uterine vein directly receives blood from the placenta,
thus placentally derived molecules are more abundant
in these samples (Figure 3B).%® All three 5-tRFs were
more abundant in uterine vein samples (median, 1.3-fold;
P<0.05 for all 3; Figure 3C). These data support a pla-
centally derived load of 5-tRFs in circulating plasma EVs.

STB-EV 5’-tRF-Glu-CTC, the Most Abundant
Preeclampsia-Upregulated 5’-tRF, Is Increased
in Preeclampsia Maternal Plasma

A technique was optimized (Figure 4A) to isolate STB-
EV RNA from maternal plasma, targeting the syncytio-
trophoblast marker protein PLAP (placental alkaline
phosphatase) Streptavidin nanobeads (130 nm diam-
eter) were incubated with a highly specific biotinylated
anti-PLAP antibody (NDOGZ2, in-house). PLAP+ plasma
MLEVs were separated from soluble PLAP by centrifu-
gation and NDOG2-nanobeads used to pull STB-EVs
from total plasma EVs. Expression of miR618 (from the
placental chromosome 19 miRNA cluster) was used
to demonstrate assay sensitivity (Figure 4B). Perfu-
sion STB-EVs were spiked into nonpregnant plasma as

Hypertension. 2024;81:876—-886. DOI: 10.1161/HYPERTENSIONAHA.123.22292

a positive control, achieving around 2000-fold greater
miR518 expression than pregnant plasma. Nanobeads
without antibody (saturated with free biotin) were added
to pregnant plasma as a negative control; no miR518
expression was detected.

This technique was used to quantify the abundance
of 5-tRF-Glu-CTC (tRF-A) in peripheral plasma from a
new cohort of 14 women with early onset preeclampsia
and 12 gestation-matched normotensive controls (Table
Sb). 5"-tRF-Glu-CTC was upregulated (median, 1.4-fold;
P=0.017) in preeclampsia plasma STB-EVs (Figure 4C).
The effect size was comparable to preeclampsia perfu-
sion STB-EVs (median, 1.4-fold upregulated).

EV-Bound 5’-tRF-Glu-CTC Promotes
Macrophage, But Not Monocyte Activation

Inflammation is a key feature of preeclampsia.?’
Tissue-resident macrophages are known to be acti-
vated in preeclampsia®® Recent studies suggest
STB-EVs may underlie this activation.?® We treated
macrophages and monocytes in culture with the most
abundant 5’-tRF upregulated in preeclampsia (56’-tRF-
Glu-CTC, labeled A for brevity; full sequence in Table
S2). RNA was packaged within otherwise undeco-
rated lipid vesicles, to distinguish the effect of 1 tRF
from the accompanying RNA, lipids, and proteins in

April 2024 881
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Figure 2. Expression of 3 target small RNA fragments in early onset preeclampsia and normotensive pregnancy
syncytiotrophoblast extracellular vesicles (STB-EVs) obtained by placental perfusion.

A, Quantified using RNA sequencing (n=6 normotensive, n=8 preeclampsia; Mann-Whitney U test after Benjamini-Hochberg correction
displayed). B, Quantified using stem-loop gPCR (normalized to reference gene TBP, n=4 per group). Boxes show median/interquartile range;
whiskers show max/min. Fragments labeled A, B, C for brevity; full sequences in Table S2.

perfusion-derived STB-EVs. We used a scrambled ver-
sion of the most abundant STB-EV b5’-tRF sequence
as a negative control, following validation against
untreated cells (Figure S2). Macrophages were acti-
vated to a type 1 phenotype after 12 hours treatment

with tRF-A, increasing expression of proinflammatory
cytokines (Figure BbA). This proinflammatory 5-tRF
action was confined to macrophages, with no changes
observed when the same experiment was repeated in
undifferentiated monocytes (Figure 5B).

Relative abundance

I Non-pregnant
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Figure 3. Detection of 3 target small RNA fragments in plasma using qPCR.

A, Expression in total extracellular vesicles (EVs) isolated from peripheral venous plasma from 7 healthy third trimester pregnancies and

6 female volunteers of reproductive age (boxes show median/interquartile range; whiskers show max/min). B, Diagram demonstrating
sampling rationale for uterine and peripheral venous blood. C, Expression in total EVs isolated from uterine and peripheral venous plasma
taken simultaneously from 5 healthy term pregnancies (paired 1-tailed Wilcoxon tests displayed). Fragments labeled A, B, C for brevity; full

sequences in Table S2.
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Figure 4. Isolation of syncytiotrophoblast extracellular vesicles (STB-EVs) from venous plasma.

A, Diagram summarizing protocol for STB-EV isolation: plasma preparation, 10 000g centrifugation to isolate medium-large extracellular
vesicles (MLEVs), immuno-isolation using magnetic beads coated with antibody to placental alkaline phosphatase (NDOG?2). B, Relative
expression of miR518 in EVs isolated from 3 samples using above technique (from left to right: pregnant plasma using beads coated with
NDOGZ2; nonpregnant plasma spiked with perfusion STB-EVs using beads coated with NDOG2; pregnant plasma using beads without
NDOG?2 coating). Bars represent median, error bars represent interquartile range. C, Relative expression of 5-tRF-Glu-CTC (tRF-A) in
perfusion-derived STB-EVs (not gestation-matched, reproduced from Figure 2B for comparison) and gestation-matched peripheral venous
plasma STB-EVs from women with early onset preeclampsia (n=14) and normotensive pregnancies (n=12).

EV-Bound 5’-tRF-Glu-CTC Indirectly Activates
Endothelial Cell Adhesion Molecules and
Reduces Expression of endothelial NO
synthase

Endothelial damage is considered a common factor in
the wide-ranging maternal organ dysfunction of pre-
eclampsia.! Vascular macrophages are known to mod-
ulate adjacent endothelial cell function®® We treated
human umbilical vein endothelial cells with vesicle-bound
tRF-A (direct) and with the supernatants from tRF-A-
activated macrophages (indirect) alongside correspond-
ing scramble controls. tRF-A activated endothelial cells
(quantified through increased expression of adhesion
molecules) indirectly through macrophage stimulation,
but not directly (Figure 5C).

The primary presenting feature of preeclampsia is
high blood pressure. Immediate blood pressure regula-
tion involves constitutive release of NO from endothelial
cells, which maintains a state of relative vasodilation. In
preeclampsia, circulating nitrite levels are reduced, which
may contribute to hypertension.®' tRF-A reduced expres-
sion of eNOS (endothelial NO synthase) in endothelial
cells, indirectly via macrophage activation (Figure 5C).

DISCUSSION

We are the first to report 5’-tRFs as the predominant
species of small RNA in preeclampsia STB-EVs. These
data are consistent with our prior finding in healthy

Hypertension. 2024;81:876—-886. DOI: 10.1161/HYPERTENSIONAHA.123.22292

pregnancy STB-EVs.'! Enrichment of 5~ (but not 3’-)
tRFs in EVs is also reported in immune cells and sug-
gests a specific export process.’®'” We demonstrate
differential expression of over 900 STB-EV small RNA
fragments in early onset preeclampsia compared with
normal pregnancy. Different preeclampsia phenotypes
are unified by stress in the syncytiotrophoblast?; tRFs are
produced by stress-dependent ribonucleases.'? Thus, a
change to STB-EV 5-tRF expression fits with our exist-
ing understanding of preeclampsia. Differential expres-
sion in preeclampsia was identified in MLEVs but not
SEVs, which is consistent with different EV biogenesis:
SEVs are released constitutively via the endosomal path-
way, whereas MLEVs form by budding in response to
stress.®? The effect size between preeclampsia and nor-
mal is consistent with other studies of differential 5’-tRF
expression in disease.®® We corroborated discoveries in
perfusion data by finding increased STB-EV 5"-tRF-Glu-
CTC in preeclampsia plasma compared with normoten-
sive controls.

One of the most studied tRNA ribonucleases is angio-
genin, which is reported to generate 2-3 phosphate
residues at the 3" end of the 5-tRF. Our sequencing
approach detected 5’-tRF with hydroxyl groups, but not
2 to 3 cyclic phosphate residues, suggesting STB-EV
5’-tRFs were generated by ribonucleases other than
angiogenin.®*

5’-tRFs are known to influence cellular function
through a variety of regulatory mechanisms at the level
of the transcriptome, translatome and the epigenome.'
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Figure 5. 5’-tRF-Glu-CTC (tRF-A) actions in immune and endothelial cells.

A, Cytokine expression by THP-1-derived macrophages after treatment with vesicle-encapsulated RNA for 12 hours. B, Cytokine expression
by THP-1 monocytes (undifferentiated) after treatment with vesicle-encapsulated RNA for 12 hours. C, Expression of cell adhesion molecule
and endothelial NO synthase mRNA in human umbilical vein endothelial cells treated with vesicle-encapsulated RNA (Direct), or the cell culture
medium from macrophages pretreated with vesicle-encapsulated RNA (Indirect) for 6 h. Fragments labeled tRF-A and Scramble for brevity; full

sequences in Table S2 and Methods; n=4 per condition.

We found 5’-tRF-Glu-CTC directly activated macro-
phages, but not monocytes or umbilical vein endothelial
cells. We speculate this difference may be accounted
for by phagocytosis of EVs by macrophages, traffick-
ing 5-tRFs to the endosomal compartment (usually
free of nucleic acids) where they could encounter Toll-
like receptor 7. This hypothesis is founded in published
work demonstrating a lack of macrophage response to
unencapsulated b’-tRFs, or 5’-tRFs with Toll-like recep-
tor 7 antagonists and warrants further investigation.'”
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Macrophages are not typically in direct contact with
blood; however in preeclampsia the endothelial barrier
is significantly disrupted.” We suggest that circulating
EV-bound 5’-tRFs would directly reach macrophages in
the vessel walls in preeclampsia, where their functional
effect could contribute to the well-described sterile
inflammation of the disease.?” Our findings of increased
proinflammatory cytokine expression in response to
tRF-Glu-CTC correlate with plasma cytokine concentra-
tions in preeclampsia.®
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STB-EVs are known to directly damage the endothe-
lium, yet we found no direct effect of 5-tRF-Glu-CTC on
human umbilical vein endothelial cells.® This discrepancy
may be attributed to the absence of other EV RNA and
proteins which could be necessary to trigger endothelial
damage. Our data show 5-tRF-Glu-CTC macrophage
activation indirectly activates the endothelium.

Prior studies of b’-tRFs have used cell culture as a
model system. Work in breast cancer reported intracel-
lular 5-tRF expression promoted metastasis.'® Myco-
bacterium infection in human macrophages triggered
5-tRF release in EVs, activating neighboring cells.””
Here we have investigated 5-tRFs at a whole-organ
level: the placenta is expelled with the fetus during par-
turition and can be studied intact ex vivo. Sampling of the
uterine vein during cesarean section has offered in vivo
evidence for a placental 5’-tRF load in maternal plasma.
An immuno-assay has corroborated STB-EV 5-tRF-
Glu-CTC upregulation in preeclampsia plasma. Together
with functional data showing 5’-tRF-Glu-CTC macro-
phage activation, we propose a possible endocrine sig-
naling function for 5-tRFs, contributing to preeclampsia
pathogenesis.

Our study’s strength lies in the unique integration of
cutting-edge techniques and distinctive samples. Previ-
ous studies investigating STB-EV small RNA have used
lower fidelity models to source EVs (eg, explants) and
taken bioinformatic approaches which disregard 5”-tRF
data, despite noting their presence.®"*®

We have corroborated perfusion-based RNA
sequencing discoveries in vivo using gPCR in plasma.
We overcame confounding in high-profile studies of total
cell-free RNA in preeclampsia by focusing our attention
exclusively on placental RNA3%4° The smaller size of our
discovery cohort could be considered a weakness in a
heterogeneous disease; we consider that by confining
ourselves to a common step (syncytiotrophoblast stress)
in early onset disease, as well as confirming our data in
vivo and in vitro, our findings are pertinent.

Perspectives

Preeclampsia is a multifactorial condition, with diverse
clinical features. Syncytiotrophoblast stress is common
to all cases, but remains poorly understood. Here we
present 5-tRFs, a novel and highly abundant class of
RNA differentially released by the preeclamptic syn-
cytiotrophoblast. We demonstrate placentally derived
5’-tRFs in the maternal circulation. The most abundant
preeclampsia-upregulated STB-EV 5-tRF was also
increased in preeclampsia plasma. We find proinflam-
matory effects of this tRF on macrophages. Together
these data suggest 5’-tRFs may play a role as transduc-
ers of an inflammatory signal from placenta to periphery
in preeclampsia. Our findings offer a novel category of
signaling molecule released by the placenta, warranting

Hypertension. 2024;81:876—-886. DOI: 10.1161/HYPERTENSIONAHA.123.22292
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further investigation. We speculate that 5-tRFs may
dysregulate other cells in preeclampsia. Future studies
will consider: other putative 5’-tRF targets in preeclamp-
sia, such as liver sinusoids and pericytes; the actions of
additional 5’-tRFs which are differentially expressed in
preeclampsia; whether STB-EV 5’-tRFs play a role in
other pregnancy-related diseases. Our ongoing work
also focuses on the optimization of techniques to iso-
late low-abundance placental EV b5-tRF signal from
complex biofluids such as plasma, with attention to their
clinical relevance. 5’-tRFs may join other better-studied
stress markers such as sFlt-1 and PIGF in explaining
the pathogenesis of preeclampsia.
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