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Abstract

Streptococcus gordonii and Streptococcus sanguinis are primary colonizers of tooth surfaces and

are generally associated with oral health, but can also cause infective endocarditis (IE). These

species express “Siglec-like” adhesins that bind sialylated glycans on host glycoproteins, which

can aid the formation of infected platelet–fibrin thrombi (vegetations) on cardiac valve surfaces.

We previously determined that the ability of S. gordonii to bind sialyl T-antigen (sTa) increased

pathogenicity, relative to recognition of sialylated core 2 O-glycan structures, in an animal model

of IE. However, it is unclear when and where the sTa structure is displayed, and which sTa-modified

host factors promote valve colonization. In this study, we identified sialylated glycoproteins in

the aortic valve vegetations and plasma of rat and rabbit models of this disease. Glycoproteins

that display sTa vs. core 2 O-glycan structures were identified by using recombinant forms of the

streptococcal Siglec-like adhesins for lectin blotting and affinity capture, and the O-linked glycans

were profiled by mass spectrometry. Proteoglycan 4 (PRG4), also known as lubricin, was a major

carrier of sTa in the infected vegetations. Moreover, plasma PRG4 levels were significantly higher in

animals with damaged or infected valves, as compared with healthy animals. The combined results

demonstrate that, in addition to platelet GPIbα, PRG4 is a highly sialylated mucin-like glycoprotein

found in aortic valve vegetations and may contribute to the persistence of oral streptococci in this

protected endovascular niche. Moreover, plasma PRG4 could serve as a biomarker for endocardial

injury and infection.
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Introduction

Infective endocarditis (IE) is a life-threatening cardiovascular disease
in which microbes colonize and persist within platelet–fibrin thrombi
(vegetations) on cardiac valve surfaces. Histopathologic studies in
humans, along with data from animal models of IE, indicate that
IE is preceded by nonbacterial thrombotic endocarditis (NBTE),
which is characterized by the formation of “sterile vegetations” on
the valve surface (Durack and Beeson 1972; Werdan et al. 2014).
In animal models, the intact valve endothelial surface is resistant
to bacterial colonization, but microbes readily colonize the sterile
vegetations that form on mechanically damaged valves. Subsequent
bacterial growth, along with a continued deposition of platelets and
other blood components, leads to the formation of macroscopic-
infected vegetations. These lesions can embolize and disseminate to
other tissues, leading to stroke, metastatic infection and other severe
complications.

The precise composition of these cardiac valve vegetations has
been only partially characterized. Early studies in rabbit models of
IE indicated that infected aortic valve vegetations were composed
primarily of platelets and fibrin, with a noted absence of inflam-
matory cells (Durack and Beeson 1972; Durack 1975). In humans
with IE, the protein and cellular composition of vegetations can
vary extensively and appears to be somewhat dependent on the
infecting bacterial species. In a proteomics analysis, Martin et al.
(2020) found that the major components of human IE vegetations
included vimentin, hemoglobin B and β-actin, along with fibrinogen
α and β subunits. The authors noted extensive proteolysis of the some
of the major components and degradation patterns that were highly
variable. In some cases, there has been evidence of either neutrophils
or neutrophil extracellular traps in human IE vegetations (Sass et al.
2016; Martin et al. 2020). Other studies have implicated additional
plasma and clotting factors (Foster et al. 2014). Perhaps, because of
heterogeneity of both the host immune and acute-phase responses, as
well as the infecting species, it has not been entirely resolved how
the various vegetation components facilitate bacterial attachment,
proliferation and persistence in IE.

Rabbit or rat IE models have traditionally been used to study bac-
terial pathogenesis (Liesenborghs et al. 2020). These models involve
inserting a trans-aortic catheter prior to infection, which causes
mechanical damage of the aortic valve and stimulates the formation
of NBTE. Shorter-term infections (1 h or less) have been used to
gauge the initial attachment of organisms to sterile vegetations after
intravenous challenge. A number of bacterial cell surface adhesins
may contribute to the initiation of infection by promoting adherence
to fibrinogen, fibronectin and/or membrane proteins of platelets that
have deposited on the damaged valve surface (Fitzgerald et al. 2006;
Haworth et al. 2017). The latter include platelet glycoprotein Ibα

(GPIbα, the receptor for von Willebrand factor [vWF]) and integrin
2bIIIa (the fibrinogen receptor). Longer term infections (18 h or
longer) are used to examine bacterial factors that aid the formation
of macroscopic vegetations, such as nutrient acquisition, immune
evasion and procoagulant activity (Drake et al. 1984; Ge et al. 2008,
2016; Das et al. 2009; Turner et al. 2009; Crump et al. 2014; Baker
et al. 2019; Gaytan et al. 2021).

Commensal oral streptococci, including Streptococcus gordonii,
Streptococcus sanguinis and Streptococcus oralis, are among the
leading causative agents of IE (Kitten et al. 2012; Isaksson et al.
2015; Rasmussen et al. 2016; Chamat-Hedemand et al. 2020). These
streptococcal species are primary colonizers of human teeth and gums
and express “Siglec-like” cell-surface adhesins that mediate binding
to sialylated glycans on MUC7 or other salivary glycoproteins (Plum-
mer and Douglas 2006; Takamatsu et al. 2006; Bensing et al. 2016;

Ronis et al. 2019). The Siglec-like adhesins have also been shown
to mediate streptococcal binding to platelets via interaction with
sialylated glycans on GPIbα (Plummer et al. 2005; Takamatsu et al.
2005; Pyburn et al. 2011). Expression of Siglec-like adhesins by S.
gordonii and S. oralis has been linked to enhanced virulence in animal
models of IE (Takahashi et al. 2006; Xiong et al. 2008; Pyburn et al.
2011; Bensing et al. 2019a; Gaytan et al. 2021). A few other sialylated
ligands have been detected in plasma and on blood cells (Takahashi
et al. 2002; Urano-Tashiro et al. 2008; Deng et al. 2014; Haworth
et al. 2017; Bensing et al. 2018), but whether these or other sialylated
mucin-like proteins are present within the aortic valve vegetations has
not been examined.

In a previous study, we noted that binding to a specific sialo-
glycan structure, a trisaccharide known as sialyl T-antigen (sTa;
Figure 1), was correlated with a significant increase in virulence of
S. gordonii, as compared with an isogenic strain that recognized
3’sialyllactosamine (3’sLn) and related structures that are found
in larger, branched, core 2 sialoglycans. We also determined that
the O-linked glycan structures of rat platelet GPIbα are similar to
those displayed on human GPIbα. In both cases, most of the O-
glycans are di-sialylated core 2 hexasaccharide structures, but the
terminal sialic acids of the rat GPIbα include neuraminic acid and
N-glycolyl neuraminic acid, in addition to N-acetyl neuraminic acid
(Bensing et al. 2019a). sTa is a relatively minor fraction of the O-
glycans on GPIbα, and it has not been determined whether any other
glycoproteins found in aortic valve vegetations display this structure.

In this report, we examined aortic valve vegetations and plasma
from animals with IE due to S. gordonii, to determine which glycopro-
teins most prominently display sialylated core 1 and core 2 glycans.
We identified several mucin-like proteins modified with sialylated O-
glycans, using three well-characterized streptococcal lectins (Siglec-
like binding regions, or SLBRs) for detection and affinity capture.
We found proteoglycan 4 (PRG4) is the main carrier of sTa in aortic
valve vegetations and plasma, in both rat and rabbit models of IE.
Moreover, we found that increased plasma PRG4 levels are generally
correlated with sustained valve damage.

Results

Aortic valve vegetations have three major sialylated

glycoproteins

Previous studies have indicated that sialoglycan binding by strepto-
cocci may contribute to both the initial colonization of sterile vegeta-
tions and the longer-term persistence within vegetations (Takahashi
et al. 2006; Xiong et al. 2008; Pyburn et al. 2011; Gaytan et al. 2021).
Accordingly, we looked for sialylated glycoproteins within aortic
valve vegetations of rats with IE, using tissues that had been collected
1 or 72 h postinfection with S. gordonii and banked from an earlier
study (Bensing et al. 2019a). The homogenized and electrophoret-
ically separated vegetation proteins (Figure 2A) were probed with
recombinant streptococcal adhesins that recognize either (a) sTa
(SLBR-B), (b) 3’sLn and a number of related structures on branched
core 2 O-glycans (SLBR-N) or (c) both sTa and 3’sLn (SLBR-H).
The sTa-selective SLBR-B detected a single ∼400 kDa glycoprotein
(Figure 2B), whereas SLBR-N recognized proteins of 150 and 100–
120 kDa (Figure 2C). SLBR-H recognized the 400 and 150 kDa
glycoproteins, but not the 100–120 kDa proteins (Figure 2D). Based
on the known ligand preferences of these probes (Figure 1), the latter
finding suggests that the 100–120 kDa glycoproteins may display
fucosylated, sialyl Lewis X structures on the O-linked glycans.

The SLBR-reactive glycoproteins were enriched from the homog-
enized vegetations by affinity capture using immobilized glutathione



1584 K Solakyildirim et al.

Fig. 1. Recombinant streptococcal lectins and sialoglycan structures. The SLBRs are derived from Streptococcus gordonii serine-rich repeat adhesins and

recognize different subsets of α2–3 sialylated O-glycans (Bensing et al. 2018). SLBR-B is from GspB; SLBR-H is from Hsa; SLBR-N is from the UB10712 homolog

(formerly referred to as the Streptococcus mitis NCTC10712 homolog). The high-affinity synthetic ligands were identified by array and ELISA studies (Bensing

et al. 2016, 2019b). The O-glycan subsets were inferred from affinity capture and O-glycan profiling experiments and from cell-based mucin sialoglycan display

libraries (Bensing et al. 2018; Narimatsu et al. 2019). The core 2 glycan extensions may include poly-lactosamine, fucose and sulfate.

S-transferase (GST)-tagged SLBRs, and then identified by mass spec-
trometry (Table I). The most abundant glycoprotein in the 400 kDa
region was an orthologue of human PRG4, also known as lubricin
(Supplementary Figure S1). The 150 kDa glycoprotein was identified
as platelet GPIbα. The most abundant glycoprotein in the 100–
120 kDa region was inter-α-trypsin inhibitor heavy chain 4 (ITIH4).
To confirm the presence of PRG4 and ITIH4 in the homogenized veg-
etations, the homogenized materials were probed with antibodies to
these glycoproteins (antibodies that react with rat GPIbα in western
blots are not commercially available). ITIH4 and PRG4 were both
detected in the vegetation samples (Figure 2E and F, respectively)
and were more readily apparent after 72 h compared with the 1 h
infections. In addition, the ITIH4 fragmentation pattern differed at
72 vs. 1 h. The apparent proteolysis of ITIH4 in rat vegetations is
consistent with the proteolysis of ITIH4 in human IE vegetations
(Martin et al. 2020).

PRG4 and ITIH4 are readily detected in plasma

postinfection

ITIH4, GPIbα and PRG4 are orthologs of sialylated, mucin-like gly-
coproteins that have been detected in plasma from healthy humans,

using the SLBRs (Bensing et al. 2018). We therefore hypothesized that
plasma could be a source of the vegetation proteins. We first analyzed
via western and lectin blotting plasma that had been collected from
the above animals concomitant with vegetation collection. PRG4 and
ITIH4 were both readily detected in the plasma of animals sacrificed
either 1 or 72 h after infection (Figure 3A and B, respectively). As
with the vegetation proteins, the PRG4 in plasma was detected
with SLBR-H (Figure 3C), but not SLBR-N (Figure 3D), indicative
of modification with core 1 type O-linked sialoglycans. However,
in plasma, the SLBR-H reactivity directly paralleled the anti-PRG4
reactivity. This is consistent with less animal-to-animal variation in
the O-glycan composition of plasma vs. vegetation-derived PRG4.
In addition, there was less apparent variation between animals and
between 1 and 72 h postinfection, in the plasma PRG4 levels. The
SLBR-H and -N reactive 150 kDa glycoprotein (presumably GPIbα)
signal was also fairly consistent between animals. In contrast to the
ITIH4 detected in vegetations, the plasma ITIH4 was not recognized
by SLBR-N and was not fragmented. These results suggest that
the major glycoforms of PRG4 and ITIH4 in plasma are different
from vegetations glycoforms and support that the presence of these
glycoproteins in vegetations is not simply due to carry over or

https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwab095#supplementary-data
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Fig. 2. Lectin and western blotting of Streptococcus gordonii-infected rat aortic valve vegetations. All animals were catheterized 3 days prior to infection with

S. gordonii, and the transaortic (TA) catheters remained in place for the duration of the experiment. Vegetations were harvested from three animals 1 h after

infection (on day 3) or three animals 72 h after infection (on day 6) as indicated. Lanes contain 5 μg homogenized vegetation proteins. Parallel samples were

either stained with Coomassie or were transferred to nitrocellulose and probed with antibodies or SLBRs as indicated.

entrapment of plasma components. However, this does not exclude
the possibility that minor glycoforms of PRG4 and ITIH4 may transit
from plasma to valve.

PRG4 is increased in plasma of catheterized animals,

prior to infection

Since we were unable to detect either PRG4 or ITIH4 in commercial
rat blood (Figure 3, lane P), we hypothesized that the presence of

these glycoproteins in S. gordonii-infected animals could be due to
a host response to either the catheter-induced valve damage or the
streptococcal infection. To explore these possibilities, we undertook
a longitudinal analysis and analyzed plasma that had been collected
from rats at several time points during the course of the experiment:
presurgery (i.e. healthy animals, on day 1), postcatherization/pre-
infection (on day 4) and 1 h postinfection. For each animal, the
PRG4 in plasma (detected with SLBR-H or anti-PRG4) appeared
to increase sharply postcatheterization, whereas the level of GPIbα
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Table I. Identification by mass spectrometry of SLBR-captured rat vegetation glycoproteinsa

Apparent mass (kDa) SLBRb Glycoprotein UniProt ID Sequence coverage (%) Theoretical mass (kDa)

400 H PRG4 F1LRA5 32c 116
150 N GPIbα DZ3QU7 28 78
100–120 N ITIH4

Fibrinogen α

Q5EBC0
Q7TQ70

37
46

104
87

aAssignment as an O-glycosylated protein was determined by manual curation of GenBank entries for the human orthologues and published reports. bSLBR used for affinity capture.
cThe identified peptides are diagrammed in the Supplementary Figure S1.

remained fairly constant (Figure 4). A further increase in plasma
PRG4 was apparent in some animals 1 h after infection with S.
gordonii. However, the mean levels pre- and postinfection were not
significantly different. Thus, the relatively high levels of PRG4 in
plasma of IE rats were primarily correlated with mechanical damage
of the aortic valve.

PRG4 is evident in NBTE vegetations

In contrast to the findings for plasma (Figure 3), PRG4 levels in
vegetations were distinctly higher in animals infected for 72 vs.
1 h (Figure 2). Increased PRG4 in vegetations could be due either
to a host response to the infection or simply to sustained valve
trauma (longer time with catheter in place). We therefore sought to
compare the valves of catheterized animals that had NBTE vs. IE
(i.e. uninfected vs. infected animals, respectively), with undamaged
valves from healthy animals. In this case, we collected the aortic
valve tissue along with the associated sterile (NBTE) or infected
(IE) vegetations 6 days after placement of the trans-aortic catheter
(note that IE animals were infected with S. gordonii on day 3). In
western blots, PRG4 was more readily detected in valves of NBTE
rats compared with healthy valve tissue and was even higher in the
valves of two of three animals with IE vs. NBTE (Figure 5). Again,
the SLBR-H reactivity did not directly parallel the PRG4 signal, which
suggests that the extent of sialylation of the O-glycans on vegetation-
associated PRG4 may vary between animals. The results indicate that
increased levels of PRG4 in the aortic valve tissue may be due to a
host response to both mechanical valve damage and infection.

O-glycan profiling of rat PRG4

The above results (specifically, the SLBR reactivity) suggested that
PRG4 is an sTa-modified glycoprotein present in both plasma and
aortic valve vegetations of rats with IE. At 3 vs. 6 days postcatheter-
ization, PRG4 was readily detected in plasma but not in vegetations
(Figure 3 vs. Figure 2), which would be consistent with the vegetation
PRG4 being deposited from plasma, along with platelets and fibrin. If
so, the plasma and vegetation glycoforms should be similar. However,
if the plasma and vegetation glycoforms were different, this could
indicate that the sources of PRG4 production might be different. It
was also unclear whether there might be a change in O-glycosylation
associated with the apparent increased levels in plasma concomitant
with aortic valve damage. To assess these questions directly, we
compared the O-glycans on PRG4 extracted from vegetations, from
healthy vs. infected aortic valves and from longitudinally collected
plasma. The O-glycans linked to PRG4 were released by beta-
elimination and identified by liquid chromatography and tandem
mass spectrometry (LC–MS/MS).

The O-glycan structures linked to PRG4 from S. gordonii-infected
vegetations were first assessed. PRG4 was captured from homoge-
nized vegetation proteins from two different animals that had been

infected with S. gordonii for 72 h. In both vegetation samples, PRG4
displayed a variety of O-linked glycans, with a mix of core 1 and rela-
tively simple core 2 structures (Figure 6 and Supplementary Tables SI
and SII). Most of the O-glycans were sialylated. However, one of the
two samples had a greater extent of fucosylation and sulfation of
the minor structures. In addition, the two samples had very different
amounts of sTa (0.7% sTa vs. 40%). These differences are consistent
with the different relative levels of SLBR-H vs. PRG4 reactivity seen
in Figures 3 and 5.

We next compared the O-glycans linked to PRG4 extracted from
infected aortic valves with the relatively minimal amount of PRG4
obtained from undamaged aortic valve tissue. In this case, the valve
tissue was pooled from the three animals shown in Figure 5 (lanes
6–8 or lanes 1–3, respectively). The O-glycans linked to PRG4 from
healthy valve tissue included five major structures (Figure 7, upper
panel, and Supplementary Table SIII). Approximately 38% were core
1 structures (18% mono-sialylated and 20% di-sialylated) and 24%
were unmodified core 2 or other large structures (not sialylated,
fucosylated or sulfated). The O-glycan composition of PRG4 from
IE rat valves showed qualitative and quantitative differences com-
pared with that of the healthy valve tissue (Figure 7, lower panel,
and Supplementary Table SIV). First was a 10-fold difference in the
quantity of O-glycans recovered from damaged vs. healthy valve
tissue, consistent with the higher levels detected by western and
lectin blotting. Second, the PRG4 recovered from the IE valve tissue
had a disproportionate increase in sTa (26 vs. 18%) and decrease
in disialylated T-antigen (dsTa; 10 vs. 20%), relative to the other
structures, and displayed a disialylated core 2 hexasaccharide, which
was absent from the O-glycan profile of PRG4 from the valves of
healthy animals. Thus, the pooled infected valve tissue had more
sTa and more di-sialylated core 2 hexasaccharide compared with the
healthy valve tissue, and those were the two major structures linked
to PRG4 in the vegetations of either of two animals (Figure 6).

We then characterized the O-glycans on rat plasma PRG4 and
determined whether the catheter-induced increase in plasma was
associated with a change in the O-glycan composition. To do so,
PRG4 was recovered from the plasma of a single animal, collected
either prior to catheterization, postcatheterization but preinfection,
or 72 h postinfection (the animal from which the valve sample
shown in Figure 5, lane 7, was harvested). PRG4 recovered from the
healthy animal, prior to catheterization displayed O-linked structures
similar to those linked to PRG4 in healthy valve tissue, and a similar
extent of sialylation, but the sialic acids included minor amounts of
Neu5Gc (Figure 8 and Supplementary Table SV). The most abundant
structures were sTa (36%) and dsTa (10%). Low levels of sulfated
and fucosylated glycans were also detected. Postcatheterization, the
O-glycans linked to plasma PRG4 were over 90% sialylated. This
included 70% sTa, 8% dsTa and <2% core 2 structures (Figure 8 and
Supplementary Table SVI). There was also 20-fold higher recovery of
O-glycans, consistent with the increased signal seen in western blots.

https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwab095#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwab095#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwab095#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwab095#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwab095#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwab095#supplementary-data
https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwab095#supplementary-data
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Fig. 3. Lectin and western blotting of plasma from IE rats. Plasma from the set of animals from which vegetations were collected and analyzed in Figure 2. Lane

7 (P) contains plasma prepared from commercial Sprague–Dawley rat blood. Lanes contain 0.4 μL of plasma. Samples were probed with antibodies or SLBRs

as indicated. Note that the <100 kDa proteins seen in the PRG4 blot were detected with the secondary anti-mouse IgG/IgM alone and are therefore not PRG4

fragments.

Postinfection, there was no further change in the O-glycan profile,
except for a complete absence of core 2 structures (Figure 8 and
Supplementary Table SVII). Thus, the longitudinal analysis indicated
a progressive decrease in core 2 structures, but no other change in

the O-glycan composition of plasma PRG4, despite the increased
levels. The results confirm that PRG4 is an sTa-modified glycoprotein
in plasma and vegetations of IE rats. The overall combined results
of O-glycan profiling also indicate that, whereas the glycoforms of

https://academic.oup.com/glycob/article-lookup/doi/10.1093/glycob/cwab095#supplementary-data
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Fig. 4. Longitudinal analysis of rat plasma pre- and postinfection. (A) Quantitative analysis of plasma PRG4 from eight animals, collected at three time-points

during the experiment: (a) prior to catheterization; (b) 3 days postcatheterization, prior to infection; (c) 1 h after infection with Streptococcus gordonii. Bar

indicates mean column value. Statistical significances were determined by two-way ANOVA, followed by Tukey’s post hoc for multiple comparisons. Asterisk

indicates P < 0.05. (B) Lectin and western blotting of plasma from three representative animals. Lanes contain 0.4 μL plasma, and blots were probed with

anti-PRG4 or SLBR-H. Note that the <100 kDa proteins seen in the PRG4 blot were detected with the secondary anti-mouse IgG/IgM alone and are therefore not

PRG4 fragments.

PRG4 in plasma and valve tissue of healthy animals are fairly similar,
the glycoforms in plasma and vegetations of IE animals are quite
different.

PRG4 in the rabbit IE model

In addition to rodents, rabbits are another mammal traditionally
used to model human endocardial infections. We therefore assessed
whether PRG4 or other sialylated glycoproteins were associated

with rabbit NBTE and IE. As in the rat model, PRG4 was more
readily detected in the valve tissue of NBTE rabbits compared with
healthy animals, but was most readily detected in the IE animal
tissue (Figure 9A). PRG4 was also higher in the plasma of IE rabbits,
compared with the levels presurgery, and compared with NBTE ani-
mals (Figure 9B). These results demonstrate that there is a substantial
increase of PRG4 in the rabbit valves and plasma concomitant with
valve injury. However, there may be a difference in the degree of
sialylation (SLBR-H reactivity) in the IE vs. NBTE valve tissue.
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Fig. 5. Lectin and western blotting of healthy, NBTE and IE rat aortic valve tissue. Samples were collected from healthy animals (1–3), animals catheterized 6 days

(4 and 5) or animals catheterized 6 days and infected with Streptococcus gordonii on day 3 (6–8). Lanes contain 5 μg homogenized tissue. Parallel samples were

either stained with Coomassie or transferred to nitrocellulose and probed with anti-PRG4 or SLBR-H as indicated.

Fig. 6. O-glycans on PRG4 from Streptococcus gordonii-infected rat aortic valve vegetations. Upper and lower panels have O-glycans released from PRG4

recovered from the vegetations of two different animals (from 500 μg homogenized vegetation proteins). Asterisks (∗) indicate polyhexose O-glycans that were

omitted from the pie charts and O-glycan profile tables.

Discussion

These studies aimed to identify sialylated glycoproteins in aortic
valve vegetations, with a specific interest in sTa-modified proteins
that might contribute to the pathogenesis of IE. Three glycoproteins

were detected in aortic valve vegetations recovered from IE animals:
ITIH4, platelet GPIbα and PRG4. The three sialylated glycoproteins
are orthologs of mucin-like proteins previously detected in healthy
human plasma (Bensing et al. 2018), but only ITIH4 and GPIbα have
been described in endocardial vegetations. The presence of GPIbα in
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Fig. 7. Comparison of PRG4 isolated from intact vs. infected rat valves. PRG4 was enriched from aortic valve tissue pooled from three healthy animals (upper) or

three IE animals (lower). The O-glycans were released from the total PRG4 captured from ∼1 mg valve tissue. Asterisks (∗) indicate polyhexose O-glycans that

were omitted from the pie charts and O-glycan profile tables.

rat IE vegetations was verified by immunohistology (Jung et al. 2012),
although there was a distinctly different spatial relationship between
GPIbα and streptococci in vegetations produced by S. gordonii vs.
Streptococcus mutans. In a proteomics-based analysis of human
IE vegetations, ITIH4 was found to be highly abundant and, as
seen in the rat tissues here, it was extensively proteolyzed (Martin
et al. 2020). In that study, neither GPIbα nor PRG4 was recovered
from the vegetations, despite that several other platelet proteins
were identified. However, GPIbα and PRG4 are more extensively
O-glycosylated than ITIH4 and are thus less amenable to tryptic
digestion and ionization, which can render these sialoglycoproteins
extremely difficult to detect via shotgun proteomics.

Regarding the means by which the three sialoglycoproteins con-
tribute to IE, GPIbα has a well-documented role in thrombus forma-
tion, via interactions with vWF on injured endothelial surfaces. These
studies confirm that GPIbα is a sialylated glycoprotein component
of infected vegetations, and its presence in NBTE vegetations could
facilitate bacterial attachment via Siglec-like adhesins, thereby aiding
colonization. In contrast, the functions of ITIH4 and PRG4 in plasma
and vegetations are largely unknown. The function of ITIH4 is
especially enigmatic, since it lacks a characteristic domain that is
essential for protease inhibition by other ITIH family proteins (Zhuo
and Kimata 2008). PRG4 was determined to be a major carrier of sTa
in rat aortic valve vegetations and plasma and may be more likely to
impact later stages of IE, as discussed further below.

The presence of PRG4 in vegetations may be related to a larger
role for PRG4 in acute phase responses and innate immunity, as
well as in cardiac repair and vascular homeostasis. Although PRG4
has been most extensively characterized as an important lubricating

agent in synovial fluid (Jay et al. 2001), it also has reported anti-
inflammatory properties and can interact with neutrophils via CD44,
toll-like receptors and L-selectin (Alquraini et al. 2015; Al-Sharif
et al. 2015; Iqbal et al. 2016; Richendrfer et al. 2020; Bennett et al.
2021). In addition to synovial fluid, PRG4 is expressed in tears and
in the liver and heart (Ikegawa et al. 2000; Schmidt et al. 2013; Solka
et al. 2016). Increased PRG4 expression in the liver was associated
with vasculopathies in a murine model of staphylococcal sepsis
(Toledo et al. 2019). In human cardiac tissues, increased PRG4 has
been associated with postcardiotomy surgical healing via decreased
fibrotic cardiomyocyte adhesions, but has also been correlated with
aortic valve stenosis and interstitial cell calcification (Park et al.
2018; Artiach et al. 2020). Thus, PRG4 may be a key component
of the innate response to vascular damage from both mechanical and
biological causes, and PRG4 in plasma may be a marker of more
general cardiovascular pathologies.

The primary function of PRG4 in cardiac valve vegetations is
unclear. It is possible that the more general role of PRG4 in cardiac
health vs. diseases such as IE is glycoform dependent. Certainly, the
O-linked glycans are essential for the rheological properties of syn-
ovial PRG4 (Jay et al. 2001). Moreover, aberrant O-glycosylation has
been associated with a number of diseases. For example, osteoarthri-
tis and rheumatoid arthritis are correlated with decreased sialylation
and increased sulfation in human and equine synovial fluid PRG4
(Estrella et al. 2010; Svala et al. 2017). Other studies have shown
that sLeX and sulfated epitopes on the O-linked glycans of synovial
PRG4 contribute to inflammation by mediating binding to L-selectin
and neutrophils (Jin et al. 2012). Results here agree with an earlier
report indicating that PRG4 in plasma and other tissues is more
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Fig. 8. Profile of O-glycans released from rat plasma PRG4. Plasma was collected from the same animal precatheterization (upper panel), 3 days postcatheteri-

zation (middle panel) and 72 h postinfection with Streptococcus gordonii (lower panel). The profiles correspond to the total PRG4 recovered from 60 μL plasma.

highly sialylated, as compared with the well-characterized synovial
fluid form (Solka et al. 2016). More specifically, PRG4 recovered
from the intact aortic valves of healthy animals had substantial
nonsialylated core 2 glycans, which indicates a similarity to the
synovial fluid form of PRG4. In contrast, PRG4 recovered from the
IE rat valves and vegetations was modified with mix of core 1 and
core 2 O-glycans, nearly all of which were capped with sialic acid,
and included both mono- and di-sialylated structures. Our results
further suggest that the sTa modification is more prevalent on PRG4
than in plasma and valve tissue of IE vs. healthy animals (Figures 7
and 8). However, the extent of sTa modification in aortic valve
vegetations varies from animal to animal, as determined by western
and lectin blotting (Figures 2 and 4), as well as the percentage of total
O-glycans profiled by mass spectrometry (Figure 6). The ability to
separate the differently glycosylated forms of PRG4, or to express
recombinants forms thereof, would enable studies of glycoform-
specific functions.

A key remaining question is how streptococcal binding to sTa
contributes to the severity of IE, as reflected in a higher density of
bacteria in aortic valve vegetations, as well as in the kidneys (Bensing
et al. 2019a). The answer is likely dependent on whether sTa-modified
PRG4 controls adhesion or inflammation in the response to aortic
valve damage and IE, and whether streptococcal binding to the
sTa epitopes impairs either of these processes. Although synovial
and recombinant human PRG4 can directly modulate synovial and
vascular endothelial cell migration and proliferation (Al-Sharif et al.
2015; Das et al. 2019; Wang et al. 2020), it is currently unknown
whether the more highly sialylated forms of PRG4 directly interact
with valve endothelial or interstitial cells, or with other vegetation
components. It is possible that sTa-modified PRG4 could promote
reendothelialization of the damaged valves. Alternatively, the sTa-
modified PRG4 glycoform may stabilize or limit the size of platelet–
fibrin thrombi. In the latter case, streptococcal binding to PRG4 could
destabilize the vegetations and augment embolization.
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Fig. 9. Sialylated glycoproteins in rabbit plasma and aortic valve tissue. (A) Valve tissue was pooled from three untreated (7–9), NBTE (4–6) or IE (1–3) animals.

Proteins were either stained with Coomassie or were transferred to nitrocellulose and probed with anti-PRG4, SLBR-H or SLBR-N as indicated. Lanes contain 5 μg

homogenized proteins. (B) Longitudinal analysis of plasma collected prior to catheterization (day 0), 3 days postcatheterization and 6 days postcatheterization

and uninfected (NBTE) or infected with Streptococcus gordonii on day 3 (IE). Lanes contain 0.4 μL plasma. Blots were probed with anti-PRG4 or a combination

of SLBR-H and -N for the detection of sialylated core 1 and core 2 glycans.

Materials and methods

Bacterial strain and media

S. gordonii M99 was isolated from the blood of a patient with
IE (Sullam et al. 1987). Todd Hewitt broth or Todd Hewitt
agar containing 8% (v/v) sheep blood was used as the culture
medium.

Reagents
Dulbecco’s phosphate-buffered saline (DPBS), dithiothreitol (DTT)
and horseradish peroxidase-conjugated antibodies were purchased
from Sigma St. Louis, MO. Rabbit polyclonal anti-GST, polyacry-
lamide gradient gels, electrophoretic running and transfer buffers,
lithium dodecyl sulfate (LDS) sample buffer, and SimplyBlue SafeS-
tain were from Invitrogen Carlsbad, CA.
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Rat and rabbit IE and NBTE tissues

The rat plasma and aortic valve vegetation samples used for the
experiments shown in Figures 2–4 were collected in earlier experi-
ments (Bensing et al. 2019a). For the comparison of samples from
NBTE vs. IE animals (Figures 5 and 9), NBTE or IE was produced as
described previously (Peerschke et al. 2006; Bensing et al. 2019a; Li
et al. 2020). In brief, experimental IE was induced by insertion of a
sterile vascular catheter via the right carotid artery across the aortic
valve and into the left ventricle of anesthetized white New Zealand
rabbits (2.2–2.5 kg; female; Irish Farms, Shafter, CA) and Sprague–
Dawley rats (250–300 g; female; Envigo, Placentia, CA). Catheters
were left in place throughout the study. At 72 h after catheterization,
S. gordonii strain M99 was injected intravenously at an inoculum of
5 × 106 colony forming units (CFU) to rabbits and 1 × 105 CFU for
rats, the previously established 95% infective dose of this strain in the
models. At 72 h postinfection, animals were humanely euthanized
by overdose sodium pentobarbital injection. Healthy animals and
catheterized but not infected (NBTE) animals were also included for
comparison. Aortic valves and associated vegetations were collected
with sterile forceps, homogenized in normal saline, quantitatively
cultured to confirm the infections (IE animals only), and then stored
at −80◦C. Blood was collected into vacutainer tubes with ethylene-
diaminetetraacetic acid (EDTA) anticoagulant, centrifuged to remove
cells, and plasma was stored at −80◦C. Animals were cared for in
accordance with the American Associate for Accreditation of Labo-
ratory Animal Care. The in vivo experiment protocol was reviewed
and approved by the Institutional Animal Care and Use Committee
of The Lundquist Institute.

Western and far-western (lectin) blotting

Rat or rabbit plasma was diluted 1:10 into 10 mM Tris, 1 mM
EDTA, pH 8 (TE), combined with LDS sample buffer and DTT
(50 mM final concentration), boiled for 10 min, and loaded (5 μL)
to wells of 3–8% polyacrylamide gradient gels. Homogenized valve
and vegetation samples were centrifuged briefly to remove insoluble
debris, diluted to ∼1 mg/mL in DPBS, combined with LDS sample
buffer and DTT (100 mM final concentration), boiled for 10 min,
and loaded (5 μg) to wells of 3–8% polyacrylamide gradient gels.
Following electrophoresis, proteins were transferred to BioTraceNT
nitrocellulose (Pall Corporation) and probed with 15 nM GST-SLBRs
as described (Bensing et al. 2016), or with anti-PRG4 clone 9G3
(EMD) or anti-ITIH4 (abcam) diluted 1:4000. After incubation with
the primary antibodies for 1 h at room temperature, membranes were
rinsed three times with DPBS, incubated with peroxidase-conjugated
goat anti-mouse IgG/IgM 1:30,000 or anti-rabbit IgG 1:50,000 in
DPBS, rinsed an additional three times with DPBS, and then devel-
oped with SuperSignal West Pico (Thermo Scientific). Emitted light
was detected using CL-X Posure™ film (Thermo Scientific). Where
indicated, relative amounts of plasma PRG4 were quantified using
ImageJ, with samples normalized to the amount in a healthy animal
(the sample shown in Figure 4B, lane 4).

Affinity capture of plasma and vegetation

glycoproteins

GST-SLBRs were immobilized on magnetic glutathione resin (Pierce)
essentially as described for immobilization on glutathione sepharose,
except that the resin was collected using a DynaMag 15 magnet
(Invitrogen) rather than by centrifugation. To capture sialylated
glycoproteins from homogenized vegetations or valve tissue, samples

containing ∼2 mg protein were first denatured and reduced by
combining with sodium dodecyl sulfate and DTT (0.5% and 40 mM
final concentration, respectively) and then heating to 100◦C for
10 min. After cooling to room temperature, samples were diluted
1:20 into TEN buffer (TE plus 150 mM NaCl) and combined with
∼50 μg GST-SLBR-H or GST-SLBR-N immobilized on 5 μL magnetic
glutathione resin. After tumbling 90 min at room temperature, the
resin was washed twice with 1 mL TEN. To capture PRG4 from
plasma, 200 μL plasma was diluted 1:7 in TEN buffer and combined
with ∼30 μg GST-SLBR-H immobilized on 8 μL magnetic glutathione
resin. After tumbling 2 h at 4◦C, the resin was washed twice with
1 mL TEN. The affinity-captured proteins were held on ice prior to
further processing.

Identification of captured glycoproteins

The resin-bound GST-SLBRs and affinity-captured plasma proteins
were co-eluted into LDS sample buffer supplemented with DTT
(50 mM final concentration), separated by electrophoresis in 4–
12% polyacrylamide gradient gels, and then stained with SimplyBlue
SafeStain. Selected protein bands were excised from the gel and
submitted for protein identification by nanoflow LC–MS/MS of
tryptic digests (MSBioworks Ann Arbor, MI).

O-glycan profiling

The 480 kDa region corresponding to PRG4 recovered from ∼500 μg
homogenized tissue or 60 μL plasma was excised from polyacry-
lamide gels. The excised gel slices were minced, treated by four cycles
of rinsing with 100 mM ammonium bicarbonate and dehydration
in 100% acetonitrile, and then dried to completion in a vacuum
evaporator. The gel pieces were immersed in a mixture of 100 mM
NaOH and 1 M NaBH4 and incubated at 45◦C for 18 h to release
the O-glycans. The supernatant was collected and placed on ice, and
the remaining gel pieces were washed with water and sonicated for
30 min to extract the remaining O-glycans. The initial and secondary
extracts were combined and acidified to pH 4–6 by drop-wise addi-
tion of 10% acetic acid. The O-glycan samples were then enriched
using porous graphitized carbon cartridges (Agilent, Santa Clara, CA)
and dried prior to analysis by mass spectrometry. Glycan samples
were analyzed on an Agilent 6520 Accurate Mass Quadrupole Time-
of-Flight mass spectrometer equipped with a porous graphitic carbon
microfluidic chip. A binary gradient consisting of (A) 0.1% formic
acid in 3% acetonitrile and (B) 1% formic acid in 89% acetonitrile
was used to separate the glycans at a flow rate of 0.3 μL/min. Data
were processed with Agilent MassHunter B.07 software, using the
Find by Molecular Feature algorithm with an in-house library of O-
glycan masses and chemical formulae to identify and quantitate the
O-glycan signals.

Supplementary data

Supplementary data for this article is available online at http://glycob.
oxfordjournals.org/.
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