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ARTICLE

Brief report: Chronic murine schistosomiasis causes
aberrant hemostasis

Joanna H. Greenman™”, Lucie Moss™", Shinjini Chakraborty™”, Bradley J. Whitehead™,
Johan Palmfeldt®, Peter Nejsum™, James P. Hewitson™"*, and Ian S. Hitchcock™*

*Department of Biology, University of York, Heslington, York, United Kingdom; "York Biomedical Research

Institute, University of York, Heslington, York, United Kingdom; ‘Department of Clinical Medicine, Aar-

hus University, Aarhus, Denmark; *Depavtment of Infections Diseases, Aarhus University Hospital, Aavhus,
Denmark

Schistosomiasis afflicts >250 million people worldwide, leading to an annual loss of >3 million disability-
adjusted life years. Schistosoma mansoni causes intestinal schistosomiasis with parasite eggs either trans-
versing intestinal tissue or lodging within the liver and other organs, causing intestinal hemorrhage and liver
pathology. Large (~1 cm) adult worms survive for years within blood vessels, but we lack a clear under-
standing of their impact on hemostasis. We used a chronic mouse model of schistosomiasis to determine
the impact on platelet numbers, phenotype and function. Hemostatic function was assessed by platelet phe-
notyping (flow cytometry and proteomics), whole blood aggregometry, and longitudinal coagulometry.
Although platelets from schistosome-infected mice lack elevated surface P-selectin and activated «llbg3,
unbiased proteomic analysis reveals infection-induced increases in MHC-I, IgM and IgG antibodies, and
complement components. Whole blood from schistosome-infected mice spontaneously aggregates in the
absence of exogenous agonists. Conversely, prothrombin and activated partial thromboplastin times are
prolonged at the chronic stage of infection (10—12 weeks). A mouse model of S. mansoni infection shows
wide-ranging changes in hemostatic function which may have clinically relevant implications for populations
in endemic regions. © 2024 International Society for Experimental Hematology. Published by Elsevier Inc.

Check for
updates

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

HIGHLIGHTS

e Schistosomiasis causes thrombocytopenia and spontaneous
whole blood aggregation.

® Platelet proteomics reveals marked changes in protein expression
without increased P-selectin or integrin activation.

¢ Longitudinal analysis shows prolonged coagulation (prothrombin
time and activated partial thromboplastin time) during chronic
infection.

Schistosomiasis is a chronic parasitic disease caused by platyhelminth
parasites of the genus Schistosoma [11. In 2019, the World Health
Organization (WHQO) estimated over 250 million people were
infected and 800 million were at risk of infection with >90% disease
occurring in sub-Saharan Africa [2]. Disease morbidity leads to an
annual loss of 3.3 million disability-adjusted life years [3]. Infection
occurs when free-living cercariae released from freshwater snails pen-
etrate host skin, migrate through venous circulation, and eventually
reach the liver. Here, adult worms develop and migrate into mesen-
teric (8. mansoni and S. japonicum) or bladder wall (S. haematobium)
blood vessels. From 4 to 5 weeks postinfection, sexually mature
female worms release hundreds of eggs each day. These either

successfully exit the host via fecal or urinary routes to allow onward
transmission, or alternatively lodge within tissues including the liver,
bladder and lung. Eggs induce strong type 2 immune responses and
granulomatous inflammation that transitions through acute (6—8
weeks) to chronic stages (10 weeks+), and adult worms can survive
in blood vessels for many years, feeding on blood contents [11.
Several studies have assessed the impact of schistosome infection
on hemostasis [4—71. Human infection can lead to thrombocytope-
nia (platelet counts <100 x 10%/L), which occurs in >95% of those
with hepatosplenic disease [5], alongside increased activated partial
thromboplastin time (aPTT), D-dimer levels, and fibrin degradation
products [4,6,7]. Together, this suggests impaired thrombus forma-
tion, consistent with infection-induced bleeding pathologies. Mouse
models offer the advantage of allowing infective dose and duration
to be controlled, and unlike controlled human schistosome infections
[8], the impact of egg-induced disease pathology can be determined.
A small number of animal studies have assessed the impact of acute
schistosome infection on blood parameters after high dose infections
(i.e,, 7—8 weeks postinfection with 80—200 cercariae) [9—11]1. How-
ever, such infections are soon fatal due to excessive egg-induced
pathology, and so do not reflect the chronic nature of human schisto-
somiasis where pathology accumulates over many years [11. As such,
we lack a good understanding of the longitudinal impact of chronic
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Table 1 Flow cytometry and confocal microscopy antibodies.
TARGET Clone Fluorochromes Supplier Dilution
Flow cytometry
CD41 MWReg30 FITC, PE, APC, A700 Biolegend 1:500
CD61 2C9.G2 PE Biolegend 1:500
CDh62L MEL-14 PE Biolegend 1:500
JON/A JON/A PE Emfret 1:250
CD62P RMP-1 PE-Cy7 Biolegend 1:250
MHC-I (H-2) M1/42 FITC Biolegend 1:250
Confocal microscopy
TPO EPR14948 Unconjugated (rabbit) eBioscience 1:100
CD41 MWReg30 Biotin Biolegend 1:200
«a-Rabbit IgG Chicken pAb AB4T Invitrogen 1:400
Streptavidin n/a A546 Biolegend 1:400

schistosomiasis on coagulation and hemostasis. To address this, we
carried out platelet phenotyping, aggregometry and longitudinal coa-
gulometry on mice infected with low (non-fatal) doses of S. mansoni.

METHODS

S. mansoni Infection

Ethical approvals for animal studies were obtained from University of
York Animal Welfare and Ethical Review Body. All procedures were
performed under the authority of UK Home Office Project Licenses
PFB579996, PP5712003, and P49487014. Female C57BL/6 mice
(7—12 weeks old at start of experiment) were housed in individually
ventilated cages under specific pathogen-free conditions with food
and water ad libitum. Mice were anesthetized (medetomidine, keta-
mine) and infected with 35—50 S. mansoni cercariae by percutaneous
penetration of the shaved abdomen. In other experiments when indi-
cated in the figure legend, mice were infected with 25, 50 or 100 cer-
cariae to assess the impact of varying parasite dose. Schistosome-
infected Biomphalaria glabrata snails were provided by the Barrett
Centre for Helminth Control (Aberystwyth University, UK). Mice
infected with 25—50 cercariae were culled at 12 weeks post-infec-
tion. Mice infected with 100 cercariae were culled at 7 weeks post-
infection as they will not survive until later time points.

Platelet Quantification and Characterization Using Whole Blood

Blood was obtained from free-flowing tail or saphenous veins into
Microvette CB 300 K2 EDTA capillary blood collection tubes (Sar-
stedt). Complete blood cell counts were performed with a SCIL Vet
ABC Plus analyzer. Annexin V staining was carried out at room tem-
perature (RT) with 5—10 uL of blood in 100 uL PBS stained with
CDA41-PE (0.2 ug MWReg30, Biolegend, 30 min), washed with phos-
phate-buffered saline (PBS) and Annexin V Binding Buffer (eBio-
science), and then stained with 5 uL. Annexin V—APC (eBioscience,
15 min). All centrifugation steps were carried out at 350 x g (5 min).

Samples were washed and resuspended in Binding Buffer before
immediate flow cytometry analysis (BD-LSRFortessa).

Platelet Isolation and Characterization

Cardiac puncture was performed on terminally anesthetized mice
and blood mixed with acid citrate dextrose (ACD) buffer (1:9) and
an equal volume of 2%, FCS/PBS Wash Buffer added. For flow
cytometry, platelet rich plasma (PRP) was obtained by centrifugation
at 60 x g (7 min, room temperature (RT), slow acceleration, no
break). Platelets were pelleted by centrifugation at 240 x g (10 min,
RT), resuspended in 500 uL Wash Buffer and counted (Beckman
Coulter Z1D cell counter). Where indicated, platelets were activated
with 150 uM Protease-Activated Receptor 4 (PAR4) agonist
(AYPGKF-NH2, Fisher Scientific) for 10—30 min in Wash Buffer at
RT, washed, and stained using antibodies in Table 1. MHC-I expres-
sion on platelets and leukocytes was analyzed using whole blood. For
proteomic analysis, cardiac blood collected in ACD as above under-
went 3 sequential 60 x g centrifugations to deplete red blood cells,
followed by 3 PBS + 1 U/mL apyrase and 1 uM prostaglandin E1
washes (Sigma) at 240 x g to deplete plasma proteins and pellet pla-
telets. Recovered platelets were resuspended in 200 uL lysis buffer
(4% SDS in 0.1M Tris-HCI pH 7.6) and stored at —80°C.

Platelet Proteomics

In-gel trypsin digest and liquid chromatography tandem mass spec-
trometry (LC-MS/MS) analysis of platelet lysates was performed as
previously described [12]. Peptides were analyzed using a nano-LC
(Easy-nLC 1200)-tandem-MS (Q-Exactive HF-X Hybrid Quadrupole
Orbitrap, Thermo Fisher Scientific). Protein hits were identified with
MaxQuant (v1.5.3.30) and UniProt mouse database [13]. Matching
between runs was performed and iBAQ intensities were used to
determine differential expression using Perseus v2.0.11 [14]. Proteins
with valid values in >70% of samples in at least one group were used
for analysis. Differentially expressed proteins (p < 0.05, fold change
>2 or <-2) were filtered with a permutation-based false discovery
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rate. Bioinformatic analysis was performed using Enrichr [15]. Full
proteomics data will be deposited at PRIDE (https://www.ebi.ac.uk/
pride/).

Aggregometry and Coagulometry

For whole blood aggregometry, blood was collected by cardiac punc-
ture into anticoagulant citrate dextrose (ACD) and diluted 1:2:2
(blood:0.9%, ) saline:Ringer’s buffer with 2 mM CaCl,). Impend-
ence was measured for 10 min at 37°C with constant stirring using a
Chronolog-700 aggregometer. For longitudinal coagulometry, whole
blood (40 pl) was transferred directly from the saphenous vein
puncture site onto Coag Dx* PT or aPTT cartridges and analyzed
using a Coag Dx* analyzer (IDEXX UK).

Confocal Microscopy

Cryosections (8—10 um) were cut from liver samples frozen in OCT
(CellPath) using a Leica CM 3050S cryostat and transferred to Super-
Frost+ slides (VWR). Sections were fixed in ice-cold acetone (5 min)
and subsequent steps carried out at RT. Sections were washed in
0.5% BSA/PBS.) wash buffer, blocked 5% rat serum in wash
buffer (30 min), avidin-biotin blocked (Lab Vision Avidin biotin
Blocking Solution, ThermoFisher), and washed 3 times in wash buffer.
Sections were incubated with antibodies against CD41 and TPO for
1 hour, washed twice in wash buffer, incubated with fluorochrome-
conjugated antibodies/streptavidin for 45 min (Table 1), washed,
stained for 5 min with 1 ug/mL 4’,6-diamidino-2-phenylindole
(DAPI, Sigma), and mounted with ProLong Gold (ThermoFisher).
Sections were imaged using a Zeiss LSM780 confocal microscope
and analyzed with Zeiss Zen and Fiji Image] software.

RESULTS AND DISCUSSION

Thrombocytopenia can be caused by a diverse range of immune chal-
lenges [16— 18l including S. mansoni infection [4—71. Here, we used a
mouse model of chronic schistosomiasis to assess the kinetics, pheno-
typic impact and functional consequences of infection on platelets.
Schistosome infection caused thrombocytopenia at 4 weeks post-
infection (i.e, around the start of egg production) which was sus-
tained until the chronic phase (weeks 10—12) when experiments
were terminated (Figure 1 A). Mean platelet volume (MPV) increased,
particularly after 8 weeks which coincides with acute inflammation
caused by parasite eggs (Figure 1B). This likely reflects bone marrow
stress and a predominance of larger immature platelets [191. We next
assessed whether changes in platelet numbers and size were associ-
ated with altered function. The surface tegument of adult worms con-
tains multiple phosphatases suggested to interfere with platelet
aggregation [20—221 but their impact in live infection is less clear. Sur-
prisingly, we found platelets in whole blood from schistosome-
infected animals spontaneously aggregate in the absence of exoge-
nous agonist and, in some cases, clotted before aggregometry analysis
even after a successful blood draw (<2 min after sample collection)
(Figure 1C, D). We next tested whether spontaneous platelet aggrega-
tion reflected an activated phenotype by measuring active allbg3
integrin (using JON/A mAb) and surface P-selectin [23,24], but this
revealed no difference between naive and infected mice, and both
groups of platelets responded similarly to PAR4 agonist (Figure 1E, P).
Platelets from infected mice did have elevated surface
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phosphatidylserine (PS) which can promote phagocytic clearance
and drive the intrinsic and common pathways of the coagulation cas-
cade [25—271 (Figure 1G). To gain a greater understanding of infec-
tion-induced changes, we conducted an unbiased proteomic
comparison of platelets from naive and infected mice. We identified
1,005 proteins, of which 94 were significantly differentially expressed
(DE) between naive and infected mice (Figure IH and Supplemen-
tary Table E1). The vast majority of DE proteins (89/94 = 95%) were
upregulated in infection (Figure 11) including haptoglobin, MHC class
I and B2-microglobulin, host antibodies (IgM, IgG1, and IgG3), and
complement components (C1QB and C4B), suggesting platelet opso-
nization may contribute to thrombocytopenia. Flow cytometry
revealed that MHC-I expression in infection is restricted to a subset
of platelets (~10%) with elevated forward scatter (Figure 1K, L). Pla-
telets have been previously shown to express MHC-I and be capable
of presenting antigen to CD8 T cells [28] but their contribution to T
cell activation in schistosomiasis is as yet untested.

Given elevated platelet PS and extensive liver pathology in schisto-
somiasis, we next assessed the impact of infection on the coagulation
cascade. To do this, we developed, a longitudinal coagulometry assay
to measure the intrinsic and extrinsic coagulation pathways in mice
during infection. This revealed that although PT and aPTT were
unchanged during acute infection (8 weeks), both are prolonged dur-
ing the chronic phase (10—12 weeks) (Figure 2A, B), which is consis-
tent with findings from human schistosomiasis [4,6,7,29]. Together,
our data suggest that while platelets appear primed for aggregation in
schistosome infection, coagulation is significantly impeded. This con-
trasts with previous studies by Da’dara et al. (2016) [10] who used
thromboelastography (TEG) to show blood from schistosome-
infected mice clotted faster than naive animals, but thrombi were rap-
idly degraded [10]. This discrepancy may reflect differences in time
points (7 weeks vs 10—12 weeks), cercarial dose and associated dis-
ease pathology (~125 vs 35—50 cercariae), or lack of differentiation
between the intrinsic and extrinsic coagulation pathways. Prolonged
coagulation may be caused by impeded hepatocyte coagulation fac-
tor production due to infection-induced granulomatous inflamma-
tion, and/or excessive consumption of coagulation factors [30l.
Disseminated intravascular coagulation (DIC) often manifests with
prolonged PT and aPTT alongside formation of microthrombi in tis-
sues [31]. We found enhanced CD41" staining in the liver of schisto-
some-infected mice that increased with infective dose (Figure 2C).
CDA41™ clusters represent both microthrombi and multinucleated
megakaryocytes, the former distinguished by their absence of nucleus
and large size (>150 um in diameter). These are likely caused by
trapped parasite eggs that induce inflammation, sinusoidal damage
and rupture. This in turn could promote extensive extrinsic pathway
activation and thrombin production, driving a feed-forward loop and
coagulation factor consumption [311. This is consistent with faster
coagulation times at earlier time points (i.e, 7 weeks [17]) before
severe coagulation factor consumption, and may also contribute to
thrombocytopenia as platelets are consumed within microthrombi
[10]. There is some evidence for disseminated intravascular coagula-
tion in human schistosomiasis patients [71.

In summary, we have shown that schistosomiasis causes thrombo-
cytopenia, enhanced platelet aggregation and prolonged coagulation.
Infection causes large changes to the platelet proteome and future
studies are needed to assess the functional drivers of enhanced aggre-
gation. Infection also causes a multifaceted coagulopathy with slower
intrinsic and extrinsic coagulation pathways likely reflecting the
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Figure 1 Schistosome infection causes thrombocytopenia, spontaneous platelet aggregation and platelet phenotypic changes.
C57BL/6 mice were infected with 35—50 S. mansoni cercariae (A) platelet counts and (B) mean platelet volume (MPV) were deter-
mined before and at 2-week intervals after infection. Data is pooled from 2 to 4 experiments with n = 5 per group. (C) Whole blood
aggregometry in the absence of exogenous stimulation and (D) area under the curve (AUC) of impedance (naive n = 6, Sm n = 8). (E)
Representative flow cytometry staining and (F) scatter plots for platelet P-selectin and JON/A -/+ PAR4 agonist AYPGKF-NH2. (G)
Annexin V+ platelets from naive and 12 week infected mice. Data in F-G pooled from 2 experiments with n = 4—6 per group. (H) Vol-
cano plot of platelet proteomics comparing naive and infected mice. Proteins significantly up/down regulated in infected mice are
shown in red and blue, respectively. (I) Heat map showing Z-scores for differentially expressed proteins in individual mice (naive
n =6, Sm n = 7). (J) Representative flow cytometry staining and (K) scatter plots of MHC-I by platelets from blood of naive and 12
week infected mice (naive n = 3, Sm n = 4). Blood leukocyte MHC-I expression included in (J) for comparison. (L) Paired comparison
of forward scatter for all platelets vs. MHC-I(+) platelets in mice at 12 week postinfection. Significance determined by unpaired (A, B,
D, F, G, K) or paired t test (L).

impact of inflammation, impaired coagulation factor production due coagulation, and their potential reversal following curative anthel-
to liver damage, and/or DIC-induced coagulation factor consump- minthic praziquantel treatment, should be considered in infected
tion. The impact of infection-induced changes to hemostasis and people.
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stained for thrombopoietin (TPO, red, hepatocytes), CD41 (yellow, platelets and megakaryocytes) and DAPI (blue). Microthrombi are
indicated by asterisks, and autofluorescent schistosome eggs are indicated by arrowheads. Liver samples taken at 12 weeks (25

—50 cercariae) or 7 weeks (100 cercariae).
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