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Syncytiotrophoblast differentiation defects
drive ER stress and reprogram placental PSG1
glycosylation in preeclampsia
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Abstract

During pregnancy, placenta-derived proteins such as pregnancy-specific glycoprotein 1 (PSG1) enter the maternal
circulation, providing a window into placental health and enabling liquid biopsy strategies for monitoring pregnancy
disorders. PSG1, a highly glycosylated protein secreted by syncytiotrophoblast (STB) cells, reflects trophoblast dif-
ferentiation status. Circulating PSG1 levels are reduced in early-onset preeclampsia (PE), but how PSG1 glycosylation
is altered in this condition remains unclear. Here, we show by liquid chromatography-tandem mass spectrometry
that native PSG1 purified from healthy and early-onset PE pregnancies carries an O-linked glycan in its N domain

in addition to diverse N-linked glycans. In PE, PSG1 N-glycans displayed a shift toward increased oligomannose struc-
tures and reduced sialylation. Induction of endoplasmic reticulum (ER) stress in primary STBs altered the glycosylation
enzyme machinery, and single-nucleus transcriptomic data indicated a reduced contribution of mature STB popula-
tions in PE, consistent with an immature STB-like glycoprotein signature. Altered N-glycosylation increased binding
to mannose and asialoglycoprotein receptors and cellular uptake, suggesting enhanced hepatic clearance as a pos-
sible explanation for reduced circulating PSG1 levels in PE. Our data link ER stress during STB differentiation to altered
glycoprotein maturation and identify PSG1 glycosylation as a readout of a stress-impaired STB in PE. Glycan features
of circulating placental proteins could therefore provide information beyond protein levels alone and complement
liquid biopsy approaches.
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Introduction are mainly expressed by syncytiotrophoblast (STB) cells

The developing placenta secretes proteins into maternal
circulation as early as the first trimester, which regu-
late several biological processes required for a healthy
pregnancy [1]. Among these are the members of the
pregnancy-specific glycoprotein (PSG) family, origi-
nally designated Schwangerschafts Protein 1 (SP1), that
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[2-6]. PSGL1 is the best studied of the 10 PSG family
members and exhibits anti-inflammatory [7] and pro-
angiogenic functions [8], and interacts with galectins-1
(gal-1) and -9, immunoregulatory glycan-binding pro-
teins that participate in placental development [9, 10].
Notably, altered levels of PSG1 have been associated with
pregnancy complications, including reduced levels dur-
ing preeclampsia (PE) [6, 11-14].

PE is a multisystemic obstetrical syndrome that
affects 2%—5% of all pregnancies, leading to the death
of 76 000 women and 500 000 babies every year [15].
PE can be classified into early-onset, which is defined
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by a delivery before 34 weeks, and typically associ-
ated with more severe outcomes, and late-onset, with
a delivery after 34 weeks of gestation [15]. It has been
demonstrated that mainly early-onset PE is associated
with increased placental oxidative stress, elevated levels
of reactive oxygen species, and endoplasmic reticulum
(ER) stress, which contribute to the pathogenesis of the
disease [16—20]. These stressors give rise to an anti-
angiogenic and inflammatory milieu and are accompa-
nied by an altered glycosylation pattern in the STB [21,
22].

Protein post-translational modifications (PTMs)
increase the functional diversity of the proteome. Glyco-
sylation is one of the most abundant PTMs and is known
to impact cell-cell interactions, protein conformation,
protein half-life in circulation, and immunomodulatory
activity [22-26]. Previous reports indicated that glyco-
sylation is altered in early-onset PE, potentially affecting
regulatory functions that influence healthy pregnancy
dynamics [27]. PSG1 is composed of four domains (des-
ignated as N, A1, A2, and B2) with a total of seven N-gly-
cosylation sites located in the N, A1, and A2 domains [9].
Previous reports indicated that the carbohydrate content
of PSG1 accounts for approximately 30% of its molecu-
lar weight [28, 29] and we recently analysed its global
N-glycosylation by a mass spectrometric glycomic and
glycoproteomic approach in PSG1 obtained from pooled
serum of healthy pregnant women. In these studies, we
identified the presence of complex N-glycans containing
poly LacNac epitopes with a2,3-sialyation at 4 sites [9].

To date, there is no information regarding (1) PSG1
O-glycosylation and (2) changes in PSG1 glycosylation in
PE. The present study used nano-liquid chromatography-
tandem mass spectrometry (nanoLC—MS/MS) to analyse
site-specific glycosylation of PSG1 in normal pregnancy
and early-onset PE. Notably, we identified an O-linked
glycan in the N domain of PSG1. Our findings further
revealed alterations in the N-glycosylation of PSG1 from
early-onset PE pregnancies, characterized by elevated oli-
gomannose and reduced sialic acid abundance, compared
to healthy pregnancies. Induction of ER stress in primary
STBs, as observed in PE, altered the enzymatic machin-
ery involved in this PTM. In line with these findings,
analysis of single-nucleus RNA (snRNA) sequencing data
[30] indicated a shift in PSG1 expression towards imma-
ture STBs in PE, accompanied by higher ER stress levels
and altered glycosyltransferase expression. The observed
changes in PSG1 glycosylation increased its interaction
with hepatic clearance receptors and enhanced its cel-
lular uptake by glycoprotein receptor-expressing cells.
We therefore propose that changes in PSG1 N-glyco-
sylation may contribute to reduced PSG1 serum levels
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in early-onset PE, whereas the role of its O-linked glycan
requires further investigation.

Results

Native PSG1 carries O-linked glycans

An overview of the study design is presented in Fig. 1. We
performed peptide-specific O-glycan analysis of native
PSG1 from three cohorts (Table 1), using nanoLC-MS/
MS to determine whether native PSG1 is decorated
with O-linked glycans. In PSG1 from healthy pregnan-
cies (PSG1°™®L) and those complicated with early-onset
PE (PSG1™), we identified one O-glycosylated pep-
tide within the N domain (Table 2). The correspond-
ing MS/MS spectra are shown in Fig. S1a and S1b. This
tryptic peptide is O-glycosylated with a HexNAc(1)
Hex(1) (core 1/T-antigen) and located following PSG1’s
34-amino-acid signal sequence. The binding of PNA, a
lectin that specifically binds to core 1 and core 2 O-gly-
cans [31], to native PSG1 from control and PE pregnan-
cies confirmed the presence of O-glycosylation in this
protein, as shown in Fig. S2a and S2b.

PSG1 N-glycosylation differs between normal

and early-onset PE pregnancies

The binding of PSG1 to gal-1 and -9 is influenced by its
N-glycosylation [9, 10]. To determine whether N-glyco-
sylation of PSG1 differs between healthy and PE pregnan-
cies (Table 1), N-glycopeptides were analysed by a mass
spectrometry-based approach. In native PSG1, N-gly-
cosylation was found in six of the seven N-glycosylation
sites. These sites are located in the N (N61, N104, and
N111) and the A2 domains (N259 and N268, and N303).
We did not detect the N-glycopeptide (N199) located
in the Al domain in any of the native PSG1 samples
digested with trypsin or chymotrypsin. Full glycosyla-
tion site occupancy (100%) was observed at N61, N104,
and N268 for both native PSG1 variants (PSG1¢™" and
PSG1®F). Partial occupancy was detected at other sites:
N111 showed 87.3% in PSG1“™®" and 76.2% in PSG1;
N259 displayed 83.2% in PSG1°T*" and 88.6% in PSG1"E;
and N303 exhibited 99.4% in PSG1“™" and 99.5% in
PSG1PE. It is important to note, however, that site-
occupancy estimates may be biased due to differences
in MS-based response factors between glycosylated and
non-glycosylated peptides.

Interestingly, we identified an increase in the rela-
tive abundance of oligomannose N-glycans in PSG1°*
(26.2% [11.0% - 40.1%]; median [range]) com-
pared to PSG1°™®: (1.54% [1.49% - 31.5%]) and
a decrease in complex-type N-glycans in PSG1°F
(734% [59.2% — 89.0%]) compared to PSG1¢TR
(98.5% [68.4% — 98.5%]). In addition, paucimannose gly-
cans were increased in PSG1™" (0.40% [0.00% — 0.66%])
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Fig. 1 Flowchart representing the study design. a Experimental outline and studies performed with the indicated human cohorts. b Workflow
of the experiment performed in vitro using term placenta cytotrophoblasts. ¢ Analysis of gene expression in two previously published RNA
sequencing datasets. Abbreviations: CTRL: native PSG1 from healthy pregnant women; PE: preeclamptic pregnancy; GW: gestational week; gal-1:
galectin-1. Partially created in BioRender. Harms, C. (2026) https://BioRender.com/v4ygiwx

compared to PSG1¢™RL (0.00% [0.00% — 0.80%]). Fur-
thermore, 26.9% [20.3% — 72.1%] of PSG1°™® and only
12.2% [6.12% — 51.5%) of PSG1™® N-glycans were sia-
lylated. The abundance of fucosylated N-glycans was
lower in PSG1PE, with only 32.0% [20.3% — 34.7%] com-
pared to 66.9% [39.1% — 93.4%] in PSG1™®" (Fig. 2a).
While the difference in glycosylation did not reach sta-
tistical significance across the three cohorts analysed
(Wilcoxon signed-rank test), this likely reflects the high
heterogeneity among groups and the limited sample
size. In PSG1¢T®, biantennary N-glycans fully capped
by NeuAc counted as the most abundant structures
in four out of the six detected sites, which agrees with
our previously published observations [9] showing that
the most abundant glycans were fully capped bianten-
nary glycans carrying terminal NeuAc with and without
fucose (Fig. 2b). In PSG1™%, however, the most abun-
dant structure in three of the six sites was an oligoman-
nose glycan (Man5GlcNAc2). In native PSG1 from both
healthy controls and early-onset PE patients, the relative
abundance of oligomannose glycans was increased at the
sites N111, 259, and 268 compared to the terminal sites
at N61 and 303 (Fig. 2c). No oligomannose structures
were identified at N104. The computational molecular

structure for PSG1°TRL and PSG1E, generated using the
AlphaFold model P11464 and the GLYCAM 3D glyco-
protein structure prediction tool [32, 33], visualizes the
most abundant glycan at each site to illustrate the identi-
fied glycosylation changes within their structural context
(Fig. 2d). Furthermore, we performed a sialic acid link-
age analysis, as this minor change in glycan structure can
influence ligand interaction, including gal-1 binding [34].
After cleavage of a2,3-linked sialic acid, only one N-gly-
copeptide containing a sialic acid, a biantennary mono-
sialylated and fucosylated glycan at N111, was identified
in PSG1PF (Table S1).

Recombinant PSG1 N-glycosylation mirrors native PSG1
N-glycosylation patterns

We generated recombinant PSG1 in CHO and 293
cells as described in the materials and methods section.
In both recombinants, N-glycosylated peptides were
found for all seven sites in the N, Al, and A2 domains.
A comparison of the N-glycans in PSG1°"© and PSG1**
revealed that PSG1?°% had lower levels of complex N-gly-
cans (PSG1°M0: 94.24% vs. PSG1%%%: 77.75%) while it was
enriched in oligomannose N-glycans (PSG1M°: 4.56%
vs. PSG1%%3: 21.92%). Paucimannose structures made up
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Table 1 Clinical characteristics of the patients. Summary of clinical parameters including age, body mass index (BMI), systolic and
diastolic blood pressure, presence of proteinuria, newborn birth weight, placental weight, incidence of intrauterine growth restriction
(IUGR), and neonatal sex. Statistical comparisons were conducted between control and early-onset preeclampsia (PE) groups within
each cohort: Hungary, Germany, and the USA

Clinical Hungary Germany USA
Parameter
Term control Early-onset PE Pvalue  Term control Early-onset PE Pvalue Term Early-
(n=23) (n=14) (n=14) (n=14) control onset PE
(n=1) (n=1)
Age [year]' 32(21,38) 30(23,38) 0.58 34 (26, 46) 32.5(23,40) 031 - 31
Body mass index 26.08 (20.20,34.16) 24.34(19.94,34.25) 0.25 34(25,39) 30(24,37) 0.05 - -
[kg/m?]’
Systolic blood 120 (100, 144) 160 (136, 180) <0001™ 120(85,133) 1475 (111,162) <0001™" - severe
pressure [Hgmm]1
Diastolic blood 78 (60, 96) 100 (88, 110) <0.001™ 78 (50, 90) 87.5 (75,105) 0008" - severe
pressure [Hgmm]1
Proteinuria No Yes - Yes (3), No (5) Yes (12) - No Yes
0(0,0.55) 1.135(0.22,12.81)  <0001™

* %

Newborn weight 3440 (2860,4810) 1010 (540,1920)  <0.001"" 2845 (2220,3860) 1070 (435,2310) <0001 - -
[l

Placenta weight 545 (262, 750) 211 (116, 305) <0001 - - - - -

lg)'

Intrauterine No Yes (11), No (3) - No Yes (12), No (2) - No Yes
growth restriction

Sex male/female 10/13 7/7 - 5/7 6/8 - 1/0 1/0
Gestational age 38.86+0.62 30.14+4.29 <0.001™" 28444630 28.63+3.31 0.54 39.14 34.00
[weeks]?

PSG1 level [ug/ 17.35(1.55,90.76)  5.15(0.82,1098)  <0.001"" 1.84(042 11.86)  241(0.03,2478) 045 14.00 500
mL]’

!Values are presented as median and range (minimum, maximum)
2Values are presented as mean +SD

Significant differences are indicated by * p <0.05, ** p<0.01, *** p <0.001 for each variable. Significant differences were tested by unpaired parametric Student’s t-test
or Mann-Whitney test

Table 2 O-glycosylation of native PSG1. Overview of identified O-glycopeptides from tryptic digests of PSG1 analyzed by mass
spectrometry. Glycopeptide sequences are shown using the one-letter amino acid code

PSG1 Observed Theoretical Delta mass [Da] Delta mass [ppm] Charge Residue Domain Glycopeptide Composition %
m/z m/z mass
CTRL 982.486 982.483 0.0025 2.5446 2 35-49 N QVTIEAEPTKVSEGK  HexNAc(1)Hex(1) %
365.1322
PE 982483 982483 0.0000 0.0000 2 35-49 N QVTIEAEPTKVSEGK  HexNAc(1)Hex(1) %
365.1322

Abbreviations: CTRL: native PSG1 from healthy pregnant women; PE: native PSG1 from preeclamptic pregnant women; m/z: mass-to-charge ratio; HexNAc:
N-acetylhexosamine; Hex: hexose

(See figure on next page.)

Fig. 2 N-glycosylation pattern of native PSG1 as determined by nanoLC-MS/MS. a Relative abundance of glycosylation traits on N-glycopeptides
represented as percentage of the total abundance of glycopeptides. Data of native PSG1's N-glycosylation from healthy and preeclamptic pregnant
women from three cohorts. Bar graphs represent the median +range, and differences between conditions were assessed using the Wilcoxon
signed-rank test. b Visualization of the most abundant N-glycan structures with their relative abundance at each N-glycosylation site of native PSG1
isolated from healthy pregnant women (upper) and from pregnancies complicated with preeclampsia (lower). ¢ Site-specific relative abundance

of N-glycan classes in native PSG1 from healthy (upper) and preeclamptic pregnant women (lower). Bar graphs indicate the mean. Glycan classes
are indicated by colours as represented in the color key. d Computational modelling of PSG1 protein structures with the most abundant glycan
structure at each N-glycosylation site for native PSG1<™ (upper) and PSG17E (lower) as analysed by LC-MS/MS (Generated using AlphaFold

and GLYCAM 3D [32, 33])
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Fig. 2 (Seelegend on previous page.)

1.2% of PSG1°M° and 0.33% of PSG1**® N-glycans. Fuco-
sylation of both recombinants was similar, with 38.31%
of PSG1°H© and 38.02% of PSG1%*** glycans being fuco-
sylated. The relative abundance of terminal sialic acid

was lower in recombinant than in native PSG1 and also
differed between recombinants, with 10.2% for PSG1<H©
and only 5.89% for PSG1**® (Fig. S3a). All sialic acids
were identified as a2,3-linked, as no sialylated glycans
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were detected after Sialidase S treatment. Interestingly,
the differences in the N-glycosylation of oligomannose,
complex, and sialylated glycans showed the same trends
when comparing PSG1¢™" to PSG1E and PSG1°M© to
PSG1?%%. The relative abundance of each glycosylation
trait across the whole protein is visualized in Fig. S3a and
the three most abundant N-glycan structures with their
mean relative abundance are shown in Fig. S3b.

ER stress impairs N-glycan maturation

PSG1 is predominantly expressed by STBs [5, 6]. To
investigate how ER stress affects N-glycan biosynthe-
sis, we analysed the expression of key N-glycosylation
enzymes in primary STBs following thapsigargin treat-
ment. ER stress induction was confirmed by significant
upregulation of ER stress markers after 24 h of treatment
(Fig. 3a). Among nine key placental glycosyltransferases
analysed by RT-qPCR, we observed a significant down-
regulation of MAN1C1 and ST3GALS6, while there were
non-significant differences in the expression of the other
enzymes analysed (Fig. 3b).

Maturation of PSG1-expressing trophoblasts influences
glycosylation patterns

To analyse the expression patterns of PSG1 in human
STBs from control and early-onset PE placentas, we
consulted publicly available snRNA sequencing data
from Nonn et al. (2025), accessible at the European
Genome-Phenome Archive under the accession number
EGAS00001005681 (Fig. 3c) [30]. The previously pro-
cessed data revealed three different maturation stages of
STBs (STBim<STB1<STB2; Fig. 3d). Figure 3c shows
the PSG1 expression patterns across all trophoblast cells,
with STBim having the highest expression, followed
by STB1. In STB1, PSG1 expression was significantly
reduced in early-onset PE placentas compared to controls
(log2FC=-0.51, adjusted p=3.06x107%, Bonferroni-
corrected LR test) [30]. In both groups, STBim expressed
higher levels of ER stress markers (Fig. 3e) and lower lev-
els of most glycosyltransferases (Fig. 3f). Specifically, the

(See figure on next page.)
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expression of o2,3-sialyltransferases and the expression
of the major a-mannosidases were reduced in the STBim
compared to the more mature STBs. Additionally, analy-
sis of a previously published combined microarray bulk
placental RNA-sequencing dataset even revealed a sig-
nificant increase in PSG1 mRNA expression in placentas
from early-onset PE compared to controls after adjust-
ing for gestational age and dataset ($=0.29, p=0.016;
Fig. 3g).

Observed changes in N-glycosylation do not affect

the PSG1-galectin-1 interaction

To further evaluate the relevance of the identified
changes in PSG1 glycosylation, we analysed the binding
affinity of native and recombinant PSG1 preparations
to gal-1 by grating-coupled interferometry. Across the
different PSGls, we observed comparable interaction
kinetics with gal-1, as our results only showed negligi-
ble variance and a similar dissociation constant between
1.6 to 1.8 uM (KD) (Fig. S4a—d). However, immobilized
PSG1"* showed a slight trend towards an increased KD
compared to PSGIC™RL, As described before [9], both
interactions could be inhibited by adding lactose but not
sucrose (Fig. S4e—f).

Increased oligomannose and reduced sialylation enhance
the affinity for liver glycoprotein receptors

Protein clearance by the liver is one of the biological pro-
cesses that regulates the half-life of proteins in circula-
tion [35]. Therefore, we tested whether differences in
PSG1s glycosylation influence the interaction with the
two major liver receptors responsible for glycoprotein
clearance [35-37]. Due to the limited availability of iso-
lated native PSG1, this experiment was performed using
recombinant PSG1 expressed in the two different cell
lines, for which we analysed the glycosylation patterns
(Fig. 4a). Both recombinant PSG1s bound to the mannose
receptor (ManR) column but showed different elution
profiles (Fig. 4b, Fig. S5a-b). PSG1°MO eluted first, fol-
lowed by PSG1%%?, indicating a higher affinity of PSG1?%?

Fig. 3 ER stress disrupts N-glycan machinery expression in primary syncytiotrophoblasts and is linked to syncytiotrophoblast immaturity

in preeclampsia. a ER stress markers in primary STBs analysed by gPCR (mean + SD; multiple t-tests with Benjamini-Hochberg correction). b Enzyme
machinery responsible for N-glycan synthesis in primary STBs analysed by gPCR (mean + SD; multiple t-tests with Benjamini-Hochberg correction).
¢ PSG1 expression in different types and stages of trophoblast cells in control and early-onset preeclampsia placentas identified in a previously
published snRNA sequencing dataset (EGAS00001005681). d Cell type annotation and distribution in control and early-onset preeclampsia
placentas identified in the previously published snRNA sequencing dataset. e ER stress marker expression in different stages of STB cells

in control and early-onset preeclampsia placentas identified in the previously published snRNA sequencing dataset. f ER stress marker expression
in different stages of STB cells in control and early-onset preeclampsia placentas identified in the previously published snRNA sequencing

dataset. g Bulk placental RNA expression of PSG1 in healthy and early-onset preeclamptic pregnancies (GSE75010 subset, mean + SD). Statistical
analysis was performed by linear regression adjusted for dataset of origin and gestational age. Abbreviations: ER: Endoplasmic Reticulum; STB:
syncytiotrophoblast; im: immature; CCT: cell column trophoblast; CTB: cytotrophoblast; p: proliferating; pf: pre-fusion
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Fig. 4 Differential glycosylation of PSG1 modulates interaction with ManR and ASGR. a Experimental set-up to be able to use recombinant PSG1
for the affinity chromatography analysis. b and c Elution of recombinant PSG1-V5His made in CHO and 293 cells following affinity chromatography
with immobilized ManR (b) or ASGR (c). Peak A shows the flow-through peak, and Peak B refers to the elution peak. Chromatograms show

the mean of the duplicate measurements for ManR. For the ASGR, a single injection is shown, with the mean flow-through peak of the duplicate
measurements shown in the inset (top right). The single injections, in duplicate, and controls for both receptors are shown in Fig. S5a-f.

d Representative confocal microscopy images per condition, including asialofetuin controls. Scale bar=10 pm. All images were acquired

with identical zoom and gain and matched pixel size. Brightness was enhanced uniformly across all images. e Quantitative analysis of Alexa Fluor
488 intensity inside the cytoplasm, averaged per cell and shown per condition (Welch's t-test; mean +SD). Abbreviations: ManR: mannose receptor;
ASGR: asialoglycoprotein receptor. Partially created in BioRender. Harms, C. (2026) https://BioRender.com/v4ygiwx

towards ManR compared to PSG1°HC (Peak B). The shift
in retention time was also confirmed in the flow-through
(Peak A). Additionally, both samples appeared to have

different peak shapes, with a

more pronounced tailing for

PSG1*%, suggesting a higher abundance of species with

increased interaction under

the same peak. The same
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trend was detected when analysing the interaction with
the asialoglycoprotein receptor (ASGR). PSG1** had a
higher affinity towards ASGR compared to PSG1¢HO,
shown by a pronounced asymmetry and tailing of the
flow-through (Peak A) for PSG1** (Fig. 4c, Fig. S5c—d).
Immunoblot analysis revealed the presence of PSG1
in the eluted fractions (Fig. S6a), and the fractionation
profile is shown in Fig. S6b—c. Incubation of fluores-
cently labelled recombinant PSG1 with ASGR-expressing
HepG2 cells supported this finding: mean cytoplasmic
fluorescence intensity was significantly higher after incu-
bation with PSG12°? than with PSG1°HO (Welch’s t-test,
p=0.03) (Fig. 4d—e). Co-incubation with the compet-
ing ligand asialofetuin reduced the mean fluorescence
intensity by 5.2 to 5.9-fold under both conditions, further
supporting the involvement of ASGR in PSG1?*® uptake
(Fig. S7). Serum PSG1 levels were significantly reduced
in women with early-onset PE in the Hungarian cohort.
In contrast, no significant differences were observed
between PE patients and controls in the German cohort.
In the US cohort, which included only one individual
per group, PSGL1 levels were lower in the early-onset PE
patient compared to the healthy control (Table 1).

Discussion

We conducted a site-specific glycosylation analysis of
PSG1 and report, for the first time, the presence of O-gly-
cosylation in this protein. Both PSG1¢™ and PSG1FE
carried a core 1 O-glycan (T-antigen) in the N domain. At
the gestational age studied (third trimester), we detected
no difference in O-glycosylation between PSG1 purified
from pooled control and PE serum. In addition, we iden-
tified N-glycopeptides at six of the seven N-glycosylation
sites in both PSG1¢™ and PSG1PE. The lack of glycopep-
tides mapping to the Al domain (N199) likely explains
the lack of glycan-dependent interaction of gal-1 or
gal-9 with this domain [9, 10]. While previous MALDI-
MS analysis of permethylated released glycans reported
that PSG1 complex N-glycans predominantly carry a2,3-
linked sialic acids [9], the present LC-MS/MS analysis of
underivatized glycopeptides showed a lower sialic acid
content, consistent with the known under-representation
of sialylated glycans in underivatized positive-ion-mode
workflows [38—40]. Interestingly, PSG1 from PE patients
showed a higher percentage of oligomannose glycans and
reduced relative abundance of complex glycans and ter-
minal sialic acid compared to PSG1 purified from healthy
pregnant controls. Additionally, we observed a reduc-
tion of fucosylated glycans and an increase in pauci-
mannose structures in the glycopeptides from PSGIE.
These results agree with prior studies, which reported
an increase in oligomannose [41, 42] and paucimannose
structures and a reduction in fucosylation and sialylation
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in placental proteins of PE patients [41]. This is further
supported by observations that ER stress, as occurs in
PE, shifts the glycosylation profile of secreted proteins
towards oligomannose structures and away from sia-
lylated glycans [43, 44].

Our in vitro ER stress analysis supported this finding,
as one of the major o2,3-sialyltransferases (ST3GAL6)
expressed by STBs was significantly downregulated after
thapsigargin treatment. We furthermore described the
downregulation of MANIC1, a Golgi-resident «l,2-
mannosidase involved in the trimming of oligomannose
glycans, generating the precursor molecule for complex
glycan maturation. This downregulation upon ER stress
may lead to the accumulation of oligomannose struc-
tures [45]. Similar trends in ST3GAL6 and MANICI1
expression have been observed in thapsigargin-treated
BeWo cells [43]. The normoxic conditions utilized dur-
ing the experiments mimic the oxygen environment of
later pregnancy, aligning with our third-trimester PSG1
analysis.

Immature STBs exhibit increased ER stress markers
compared to mature STBs, according to the previously
published snRNA sequencing data [30]. Although all STB
stages contribute to circulating PSG1, STBim shows the
highest expression, followed by STB1. While total mRNA
levels of PSG1 increased in early-onset PE placentas com-
pared to controls, the significant downregulation of PSG1
in STB1 suggests the pool in early-onset PE is primarily
STBim-derived. This shift in origin likely alters the PTMs
of PSG1, as STBim expresses higher ER stress markers
and lower levels of most glycosyltransferases compared
to STB1 and STB2, potentially leading to differential gly-
cosylation patterns observed in the PSG1 isolated from
the serum of PE versus control pregnant women. Defec-
tive trophoblast differentiation has been described in PE,
with trophoblast cells exhibiting altered proinflammatory
gene expression indicative of dysregulated differentiation
[46]. In the same study, vestigial-like family member 3, a
cofactor in the Hippo pathway, showed a strong correla-
tion with PSGs, suggesting that syncytiotrophoblast cells
retain canonical markers but exist within a pathological
transcriptional context.

Despite these changes in N-glycosylation, we did not
observe a significant difference in the affinity of gal-1
towards PSG1®E compared to PSG1“™®L, Our prior
observations using an ELISA-based assay with recombi-
nant PSG1 expressed in CHO and 293 cells, showing that
both proteins bind to gal-1, agree with the results pre-
sented here [9]. We and others have observed a reduction
of PSG1 serum concentration in PE [6, 11-14], poten-
tially impacting the gal-1 that could be protected from
inactivation by oxidation [9]. Consistent with our find-
ings on PSG1, reduced serum levels of PSG5 have been
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reported in early-onset PE compared to healthy controls,
accompanied by altered N-glycosylation characterized
by a shift towards less complex glycan structures and
an increase in terminal GlcNAc. Furthermore, placental
expression of sialyltransferases was decreased in early-
onset PE, leading to a reduction of glycans with terminal
sialylation [43].

Glycoprotein clearance by hepatic receptors, includ-
ing the ASGR and ManR, is mediated by surface
carbohydrates. Terminal sialic acid inhibits the ASGR-
glycoprotein ligand interaction and prolongs time in
circulation [35]. Clearance of N-acetylglucosamine- and
a-mannosyl-terminating glycans is mediated by the
ManR [36, 37]. Because of the limitations of recruit-
ing and isolating native PSG1 from the sera of pregnant
women with PE, binding studies with the receptors that
could potentially clear PSG1 from the maternal circula-
tion were performed with recombinant PSG1. We found
that PSG1?*®, which had a higher abundance of oli-
gomannose and a lower abundance of sialylated N-gly-
cans, bound with higher affinity to both ASGR and ManR
than PSG1“HO. Given their low abundance, changes
in paucimannose glycans were considered unlikely to
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affect this analysis. Under the same experimental condi-
tions, we previously showed that even slight alterations
in antibody—ManR interaction, indicated by increased
peak tailing in the flow-through, influenced both uptake
by ManR-expressing cells in vitro and circulating concen-
trations in vivo [47]. This demonstrates that even if PSG1
has a very heterogeneous glycosylation pattern, a switch
towards higher levels of oligomannose glycans would
likely increase the interaction with the ManR, leading to
enhanced clearance rates. In addition, uptake of fluores-
cently labelled recombinant PSG1 by HepG2 cells, which
abundantly express ASGR, was enhanced after incuba-
tion with PSG12%® compared with PSG1°HO, These find-
ings suggest that the changes in N-linked glycosylation
of PSG1 observed in PE could accelerate its clearance
from circulation, thereby explaining the lower serum
levels (Fig. 5). This interpretation is supported by stud-
ies of placental gene expression in early-onset PE, which
reported no significant differences in PSG transcript lev-
els compared to healthy controls [17, 48]. These observa-
tions further imply that the alterations primarily arise at
post-transcriptional or translational stages. Prior reports
have shown that differences in glycan composition of
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Fig. 5 Hypothetical scenario of how altered glycosylation patterns on PSG1 may increase hepatic glycoprotein receptor affinity, potentially
contributing to reduced circulating PSG1 levels. Left: enhanced terminal mannose exposure promotes binding to the ManR on LSEC, facilitating
PSG1 clearance. Right: increased terminal sialylation reduces recognition by the ASGR on hepatocytes, thereby maintaining PSG1 in circulation.

For simplicity, the figure depicts reduced glycan diversity, focusing only on key structures responsible for receptor affinity. Abbreviations: ManR:
mannose receptor; ASGR: asialoglycoprotein receptor; LSEC: liver sinusoidal endothelial cells. Partially created in BioRender. Harms, C. (2026) https://

BioRender.com/v4ygiwx
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recombinant murine Psg23 alter its half-life in circulation
via ManR- and ASGR-mediated clearance [26]. Accord-
ingly, the glycosylation differences in PSG1 observed here
between preeclamptic and normotensive pregnancies
may similarly influence its serum concentration.

Further studies will be needed to address whether these
observations can be extended to the other members of
the human PSG family. Currently, the lack of reagents to
purify the native proteins and measure their concentra-
tion with specific ELISAs precludes us from perform-
ing these experiments. In addition, the isolation of high
amounts of PSG1 from the serum of pregnant women
remains challenging. A limitation linked to this is the
intracohort pooling of the samples, which reduces sta-
tistical power. Future studies should therefore focus on
increasing the sample size to validate our findings of
altered N-glycosylation in PSG1 from third-trimester
preeclamptic pregnancies. So far, our study has focused
only on the third trimester, in which O-glycosylation did
not show differences between control and PE pregnan-
cies; however, changes may occur at other time points
during the disease, which should be explored in future
studies.

In summary, we have determined that PSG1 contains
an O-linked glycan in the N domain. Moreover, altera-
tions in N-glycosylation of PSG1 observed in PE patients
compared to healthy pregnant controls may arise from
increased ER stress and reduced expression in mature
STB, resulting in a more immature-like expression pro-
file. These alterations affect its recognition by hepatic
clearance receptors, offering a mechanistic link to the
reduced PSGI levels reported in early-onset PE and
highlighting a potential pathway contributing to disease
pathophysiology.

Materials and methods

Samples and clinical characterization

Native PSG1 was obtained from healthy pregnancies
(PSG1°™L) and those complicated with early-onset
PE (PSG1™®) during the third trimester of pregnancy.
Pregnancies were dated according to ultrasound scans
between 8—12 weeks of gestation. Patients with multiple
pregnancies or fetuses having congenital or chromosomal
abnormalities were excluded. Serum samples were col-
lected from three cohorts from three countries (Hungary,
Germany, USA), and clinical data were obtained by the
corresponding facilities, namely the HUN-REN Research
Centre for Natural Sciences of the Hungarian Academy of
Sciences, the University of Duisburg-Essen, and the Yale
School of Medicine Biobank, and stored at —80 °C until
further use. Clinical characteristics of the cohorts, con-
sisting of early-onset PE patients with matched controls
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classified according to ISSHP guidelines [49], are shown
in Table 1.

Native protein purification and recombinant protein
production

PSG1 was purified from (pooled) serum of pregnant
women with anti-PSG mAb #4 as previously described
[9]. Recombinant PSG1 was expressed in ExpiCHO
(PSG1¢HO) or Expi293 (PSG12%%) cells. Protein produc-
tion was described previously [8]. Briefly, PSG1-V5His
was purified by affinity chromatography on an anti-PSG
mAb#4 column [50].

Site-specific glycosylation analysis by LC-MS/MS

The O- and N-glycosylation on native PSG1 from healthy
and preeclamptic pregnancies and of recombinant
PSG1-V5His expressed in ExpiCHO and Expi293 cells
was analysed with nanoLC-MS/MS. Each sample was
digested separately with chymotrypsin and trypsin. PSG1
(10 pg) was diluted in 0.1 M triethylammonium bicar-
bonate buffer with 1% sodium deoxycholate and dena-
tured at 95 °C for 5 min. Disulfide bonds were reduced
with 10 mM dithiothreitol for 30 min at 60 °C, followed
by alkylation with 20 mM iodoacetamide for 30 min at
37 °C. Samples were brought up to 70% acetonitrile
(ACN) and 1 pL of carboxylate-modified magnetic beads
(#65,152,105,050,250, Cytiva, Marlborough, MA, USA)
was added and incubated for 18 min. The supernatant
was discarded, and beads were washed with ACN and
70% ethanol. Digestion was performed by resuspend-
ing the beads in 50 mM ammonium bicarbonate, adding
0.5 pL of 0.5 pg/mL trypsin (V5111, Promega, Madison,
WI, USA) or chymotrypsin (V1062, Promega) overnight
at 37 °C. Afterward, samples were adjusted to 95% ACN.
The supernatant was discarded, beads were washed
with ACN, and peptides were eluted with 2% dimethyl
sulfoxide and 1% formic acid in water. Eluted peptides
were dried in a vacuum centrifuge and resuspended in
5 pL of 0.1% formic acid. Measurement was performed
on a quadrupole-ion trap-orbitrap MS (Orbitrap Fusion,
Thermo Fisher Scientific, Waltham, MA, USA) coupled
to a nano-UPLC (Dionex Ultimate 3000 UPLC system,
Thermo Fisher Scientific). Peptide separation was per-
formed using an 80 min gradient with increasing ACN
concentration and online purification and desalting on
a peptide trap (180 umx20 mm, 100 A pore size, 5 um
particle size, Symmetry C18, Waters, Milford, MA, USA)
and analytical separation on a 25 cm C18 reversed-phase
column (75 um X200 mm, 130 A pore size, 1.7 um parti-
cle size, peptide BEH C18, Waters). Peptides were ionized
by electrospray ionization and analysed in positive ion
mode using data-dependent acquisition. MS1 scans were
accumulated for a maximum of 120 ms or until a charge
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density of 2x10° ions, using the Orbitrap mass analyser.
Peptides covering a mass range of m/z 400-1300 with
charge states of 24+-5+were fragmented using higher-
energy collisional dissociation. The jon trap mass ana-
lyser was used for MS2 scans with a lower m/z limit of
120 and accumulation for a maximum of 60 ms or until a
charge density of 1x 10° ions.

O-glycopeptide analysis

Identification of O-glycosylated peptides was performed
using the glyco-O-HCD workflow within the open-source
software FragPipe with integrated MSFragger-glyco v21.1
[51]. To this end, data obtained after tryptic and chymo-
tryptic digests were searched against a reviewed human
protein database obtained from UniProt [52]. MSFragger
parameters were set to trypsin or chymotrypsin protein
digestion, allowing for two missed cleavages, and peptide
length between 5-50 amino acids. Carbamidomethyla-
tion was included as fixed modification on cysteine and
the protein N-terminal conversion of glutamine or glu-
tamic acid residues to pyro-glutamic acid and oxidation
of methionine were included as variable modifications.
Data output was checked manually for potentially false
positives within peptides carrying an N-glycosylation site
and results were filtered for a mass deviation of less than
5 ppm.

N-glycopeptide analysis

N-glycopeptide analysis was conducted using the open-
source software FragPipe with integrated MSFragger-
glyco v21.1 [51, 53]. Default workflow for label-free
quantification of N-glycopeptides (glyco-N-LFQ) was
used, and a reviewed human protein database was
obtained from UniProt [52]. MSFragger parameters were
set to chymotrypsin or trypsin digestion, allowing for
two missed cleavages, and peptide length between 5-50
amino acids. Identified glycopeptides were assigned to
the corresponding asparagine residues and classified into
glycan categories, including complex/hybrid, oligoman-
nose, or paucimannose. Relative glycopeptide abun-
dance was calculated by dividing the intensity of each
glycopeptide by the sum of all identified glycopeptide
intensities, site-specific and throughout the full-length
protein. Analyses were performed on trypsin and chy-
motrypsin digests, respectively, and results were subse-
quently combined and averaged to achieve high coverage.
Site occupancy was calculated as the sum of the relative
abundances of glycopeptides assigned to a given site,
divided by the total relative abundance of glycopeptides
and corresponding non-glycosylated peptides at that site.
Calculations were performed independently for trypsin
and chymotrypsin digests, and the resulting values were
averaged to obtain the final site occupancy.
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Sialic acid linkage analysis

To further investigate the glycan structures, peptides
were incubated with Sialidase S (P0743, New England
Biolabs, Ipswich, MA, USA) to discriminate between
sialic acid linkages. For the digestion, tryptic and chy-
motryptic peptides were dried in a vacuum centrifuge
and resuspended in glycobuffer supplied by the vendor.
After adding Sialidase S, the samples were incubated at
37 °C overnight. The following day, enzyme inactivation
was performed by heating at 65 °C for 10 min. The sam-
ples were dried in a vacuum centrifuge and resuspended
in 0.1% trifluoroacetic acid in water for further desalting
by solid-phase extraction with OMIX C18 pipette tips
(Agilent, Santa Clara, CA, USA) following the protocol
supplied by the vendor. After desalting, the samples were
dried in a vacuum centrifuge and resuspended in 0.1%
formic acid in water. Measurement and glycopeptide
identification were carried out as described above. The
results were screened for glycopeptides carrying a sialic
acid residue.

Lectin western blot analysis

Purified native PSG1 was separated by gel electrophore-
sis (NuPAGE 4%-12% Bis—Tris gels, Thermo Fisher Sci-
entific) in NuPAGE SDS running buffer (Thermo Fisher
Scientific) supplemented with 500 uL. of NuPAGE Anti-
oxidant (Thermo Fisher Scientific). Subsequently, pro-
teins were transferred to PVDF membranes (Cytiva)
using a semi-dry transfer system with transfer buffer
containing 1XNuPAGE transfer buffer (Thermo Fisher
Scientific), 1% methanol, and 0.01% NuPAGE Antioxi-
dant. The membrane was blocked with 5% milk powder
(#145.3, ROTH, Karlsruhe, Germany) in PBS contain-
ing 0.1% Tween 20 after which it was incubated over-
night at 4 °C with lectin PNA at 20 pg/mL (BA-2301-5,
EY Laboratories, San Mateo, CA, USA). The following
day, membranes were washed and incubated for 1 h at
room temperature with HRP-conjugated streptavidin
at 1/10000 (#189,733, Millipore, Billerica, MA, USA).
After additional washes, signals were developed using a
chemiluminescent detection system (Amersham Imager
600, GE, Cytiva) with an enhanced chemiluminescent
substrate (#NEL104001EA, Perkin Elmer, Waltham, MA,
USA). Quantification was performed using Image] soft-
ware (version 1.53), normalizing lectin signals to total
PSG1. An additional western blot was performed to
control the specificity of PNA. For this purpose, fetuin
(F3004, Sigma-Aldrich, St. Louis, Missouri, USA) was
digested overnight with neuraminidase A (P0722S, New
England Biolabs) or mock-digested with water, in the
buffer provided by the manufacturer and following their
instructions. Gel electrophoresis and blotting were per-
formed as described above, loading 0.5 and 1 pg each of
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fetuin, asialofetuin (A4781, Sigma-Aldrich), the neurami-
nidase A-digested fetuin, and the mock-digested fetuin,
alongside 1 pL neuraminidase A alone.

Public dataset analysis: single-nucleus RNA sequencing
PSGI expression was analysed in a previously published
snRNA sequencing dataset, consisting of 6 term con-
trols and 6 early-onset PE placental samples [30]. In this
dataset, gestational age effects were accounted for during
both data integration and differential expression analysis.
Gestational week was incorporated as a covariate dur-
ing integration, while a cell-type-specific preterm score
derived from independent datasets was included in the
differential expression model to adjust for gestational
age-associated transcriptional variation. Previously pro-
cessed data were used to visualize the expression of genes
of interest.

Public dataset analysis: bulk placental RNA sequencing
Publicly available placental gene expression data were
analysed as part of a previously published combined
dataset including controls and matched preeclampsia
samples. This dataset comprised 330 placental samples
(173 controls and 157 PE), generated from an institu-
tional BioBank cohort and seven independent microar-
ray studies, including GSE30186, GSE10588, GSE24129,
GSE25906, GSE43942, GSE4707, GSE44711, and
GSE75010 [54]. To enable analyses focussing on early-
onset PE and accounting for gestational age, the dataset
was restricted to studies with available metadata. This fil-
tering step reduced the dataset to two constituent stud-
ies, including the BioBank cohort (n=142, control=85,
PE=57), which were retained for downstream analyses.
Gene expression of PSG1 was analysed using a linear
regression. Expression levels were modelled as a function
of PE status while accounting for the dataset of origin and
gestational age.

Label-free molecular interaction analysis of PSG1 and gal-1
Molecular interaction analysis was performed by inter-
ferometry on a Creoptix wave system (Malvern Pana-
lytical, Malvern, Worcestershire, UK) adjusted based on
a protocol described elsewhere [9]. Briefly, recombinant
and native PSG1 from the German cohort in 10 mM
sodium acetate, pH 4.0, was immobilized on a 4PCH
WAVE chip (Creoptix, Malvern Panalytical) using stand-
ard amine coupling, following the vendor’s instructions.
A control surface without immobilized protein was
used for background correction. The flow rate was set to
100 pL/min at 25 °C and HBS-EP (0.01 M HEPES pH 7.4,
0.15 M NaCl, 3 mM EDTA, and 0.005% Surfactant P20)
was used as running buffer. For multiple cycle kinetics,
recombinant human gal-1 (#45,039, PeproTech, Thermo
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Fisher Scientific) at concentrations ranging from 3 pM to
117 nM was injected for 200 s, followed by a 1000 s disso-
ciation period. To regenerate the surface after each gal-1
injection, a solution containing 1 M NaCl and 20 mM
NaOH in HBS-EP buffer was injected for 30 s. Com-
petition experiments were performed with 5 pM gal-1
by adding sucrose or lactose at 1.43 mM to the buffer
30 min before injection. Analysis was performed using
the WAVEcontrol software (v4.2.0) with a 1:1 kinetic fit.

Mannose and asialoglycoprotein receptor affinity
chromatography

The full extracellular domain of human ManR C-type
1 with a C-terminal histidine tag and AviTag, was tran-
siently expressed in HEK-F cells and purified using
Ni-NTA affinity chromatography and size-exclusion
chromatography [55]. The ASGR1 domain of the human
ASGR, containing a N-terminal histidine tag and AviTag
(GS1-H82Q3), was purchased from AcroBiosystems
(Newark, DE, USA). Affinity columns for each receptor
were prepared using 1 mL Streptavidin Sepharose High-
Performance resin (Cytiva), loaded with either 6 mg of
ManR or 400 pg of ASGR1. The receptor-coupled beads
were packed into 5/50 Tricorn columns (Cytiva) and
operated on an AKTA go system (Cytiva) at room tem-
perature, with data collection and device control man-
aged by Unicorn software (version 7.5, Cytiva). For
ManR two affinity columns were connected in tandem.
After column equilibration (12 mM Tris, 140 mM NaCl,
2.5 mM CaCl,, pH 7.4), 15 pg of PSG1-V5His made in
ExpiCHO or made in Expi293 cells were injected. A
24 min gradient from 0%-100% mobile phase B (12 mM
Tris, 140 mM NaCl, 2 mM EDTA, pH 7.4) was applied,
followed by a 12 min hold at 100% mobile phase B. Re-
equilibration with mobile phase A was performed after
each run. The flow rate was maintained at 0.50 mL/min,
and absorbance at 280 nm was detected. The experiments
were conducted in duplicate for ManR, with data repre-
sented as mean, and as a single measurement for ASGR1.
Following affinity chromatography with immobilized
ManR, four elution fractions were collected and analysed
by western blot with the complete fraction loaded in a
single lane.

Quantification of PSG1 by ELISA

The concentration of PSG1 was obtained using the
PSG1 ELISA Kit (DY6799-05, R&D Systems) follow-
ing the manufacturer’s recommendations. Serum sam-
ples were diluted as needed to obtain values within the
PSG1 standards provided in the kit (1/1 000; 1/5 000, or
1/10 000).
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mRNA expression analysis of ER-stressed
syncytiotrophoblasts in vitro

Primary cytotrophoblast cells from human term pla-
centa (#1230, The Amnion Foundation, Winston-Salem,
NC, USA) were seeded at 50 000 cells/cm? on a 6-well
plate, pre-coated with Matrigel (1% for 1 h at 37 °C),
under CTBPRO2GRO media (1234, The Amnion Foun-
dation, Winston-Salem, NC, USA). After 24 h, cells were
differentiated to STBs with differentiation basal media
(DMEM/F12; 0.1 mM 2-mercaptoethanol, 0.5% peni-
cillin/streptomycin, 0.3% BSA, 1% ITS-X supplement,
2.5 uM Y27632, 4% knockout serum replacement) sup-
plemented with 25 uM Forskolin for 6 days in the incuba-
tor at 21% O, and 5% CO,. Following this time, cells were
exposed to differentiation basal media supplemented
with DMSO (0.001%) or 0.1 pM thapsigargin for 24 h.
Then, cells were resuspended in TRIzol (R2050-1, Zymo
Research, Irvine, CA, USA) and total RNA was purified
using the PureLink RNA Mini Kit (#12183018A, Invitro-
gen, Carlsbad, CA, USA). RNA concentration was deter-
mined using a NanoDrop One (Thermo Fisher Scientific)
and the iScript Advanced cDNA Synthesis Kit (#1725038,
Bio-Rad Laboratories, Hercules, CA, USA) was used to
convert RNA into ¢cDNA following the manufacturer’s
recommendations. Quantitative real-time PCR (RT-
qPCR) was performed using the QuantStudio 5 (Thermo
Fisher Scientific) with Power SYBR™ Green PCR Mas-
ter Mix (#4367659, Thermo Fisher Scientific). For each
primer pair, a negative control without ¢cDNA was
included. mRNA expression was normalized to GAPDH
and YWHAZ. All primer sequences are listed in Table S2.
Differences between groups were assessed using multiple
t-tests with Benjamini—Hochberg correction.

Cell uptake

HepG2 cells (ACC 180, DSMZ, Braunschweig, Germany)
were seeded at 10 000 cells per well in Millicell EZ slide
8-well glass slides (PEZGS0896, Millipore) and cultured
overnight in RPMI (#¥11875093, Gibco'", Waltham, MA,
USA) with 10% FCS at 37 °C and 5% CO,. Recombi-
nant PSG1 was labelled using the AlexaFluor 488 Pro-
tein labelling kit (A10235, Thermo Fisher Scientific) and
added to the cells at a final concentration of 5 ug/mL in
RPMI. Cells were incubated with the labelled protein
at 37 °C and 5% CO, for 80 min. For specificity con-
trols, labelled protein was co-incubated with 200 pg/
mL asialofetuin (A4781, Sigma-Aldrich), a high-affinity
ligand of ASGR [56]. After incubation, cells were washed
with ice-cold PBS. Surface-bound protein was removed
with glycine—-HCI buffer (0.2 M, pH 3, 3 min on ice),
followed by further washes with PBS. Cells were fixed
with 4% formaldehyde for 10 min at room tempera-
ture. Nuclei were stained with DAPI (0.5 pg/mL, D8417,
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Sigma-Aldrich) for 20 min, and slides were mounted in
Prolong mounting medium (P36934, Invitrogen). Images
were acquired with an inverted Leica TCS SP8 X micro-
scope (Leica-Microsystems, Wetzlar, Germany) using
a 63xoil-immersion objective. Alexa-Fluor-labelled
PSG1°M° or PSG1?*® and DAPI were excited at 488 and
405 nm, respectively, with emission collected using HyD
detectors. Images were acquired using LAS X software.
Confocal images were analysed in QuPath (v. 0.7.0- X 64).
Cells were segmented on the DAPI channel, and mean
fluorescence intensity of the 488 channel within the
cytoplasm was measured. Per-cell values were averaged
across images and replicates (n=3, 4 images each). Total
cell counts included in the analysis are shown in Table S3.
Conditions were compared using an unpaired Welch’s
t-test.
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