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Summary:

Leukocyte recruitment from the vasculature into tissues is a crucial component of the immune 

system but is also key to inflammatory disease. Chemokines are central to this process but 

have yet to be therapeutically targeted during inflammation, due to a lack of mechanistic 

understanding. Specifically, CXCL4 (Platelet Factor 4, PF4) has no established receptor that 

explains its function. Here we use biophysical, in vitro and in vivo techniques to determine the 

mechanism underlying CXCL4 mediated leukocyte recruitment. We demonstrate that CXCL4 

binds to glycosaminoglycan (GAG) sugars on proteoglycans within the endothelial extracellular 

matrix resulting in increased adhesion of leukocytes to the vasculature, increased vascular 

permeability and non-specific recruitment of a range of leukocytes. Furthermore, GAG sulphation 

confers selectivity onto chemokine localisation. These findings represent a new understanding of 

chemokine biology, providing novel mechanisms for future therapeutic targeting.
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Introduction:

Leukocyte recruitment is central to fighting infection, coordinating the immune response 

to injury, and driving inflammatory disease1. Chemokines are critical during leukocyte 

recruitment, facilitating firm adhesion of leukocytes to the vascular endothelium2. Due to 

the central role of chemokines in many diseases, they are prime therapeutic targets3, but 

drugs that successfully target them are lacking4. This is, in part, due to an under-developed 

understanding of the mechanisms underlying chemokine biology.

The dogma of the chemokine field states that they bind to G protein-coupled receptors 

(GPCRs) on leukocytes, producing integrin activation and firm adhesion to the vascular 

endothelium2. However, this does not hold for CXCL4 (platelet factor 4, PF4)5. CXCL4 is 

produced by platelets and macrophages, regulates leukocyte recruitment and is implicated in 

a range of diseases6. However, it does not have a clearly defined receptor that explains its 

ability to recruit leukocytes, limiting drug discovery efforts5.

Extracellular matrix proteoglycans are present on most cells and are particularly prominent 

on the vascular endothelium lining blood vessels where they form the endothelial 
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glycocalyx7. This barrier on the apical side of the endothelium regulates vascular 

permeability, interactions between circulating leukocytes and the vascular endothelium 

and is thus a central component of leukocyte recruitment into tissues8. Chemokine 

interactions with key glycocalyx components, glycosaminoglycan (GAG) sugar side chains 

on proteoglycans, are critical for chemokine function in vivo but do not directly affect 

chemokine:receptor interactions9.

The functional role of chemokine:GAG interactions is proposed to be localisation of 

chemokines to the endothelial surface to ensure that chemokine:receptor interactions occur 

at a specific site10. This does not explain why chemokines have a wide range of GAG-

binding affinities, where some, like CXCL4, have very high-affinity GAG interactions 

and also crosslink GAG chains10–12. Thus, the biological consequences of CXCL4:GAG 

interactions have yet to be understood. GAGs and their larger proteoglycan structures can 

directly mediate cell signalling in other contexts13, but the relevance of this to chemokine 

function has been largely overlooked. Currently we do not understand the mechanisms that 

drive CXCL4 mediated leukocyte recruitment and associated disease6. Interactions with 

extracellular matrix GAGs may provide an “atypical” mechanistic explanation for CXCL4 

function.

Herein, we demonstrate that CXCL4 promotes leukocyte adhesion to the endothelium, 

increases endothelial permeability and recruits a wide range of leukocytes driven by the 

CXCL4:GAG interaction. This demonstrates a chemokine functioning primarily through 

GAGs and not via a receptor. We also show that GAG fine structure (sulphation pattern) 

confers specificity to chemokine:GAG interactions, which illustrates how GAGs can impose 

selectivity onto the supposedly “redundant” chemokine system.

Results:

CXCL4 atypically recruits a broad spectrum of different leukocytes

To understand the mechanism underlying CXCL4 mediated leukocyte recruitment, we used 

an in vivo leukocyte recruitment assay to dissect this process (Fig. 1A). This involves 

injecting air under the mouse dorsum to create a pouch that can be analysed for immune 

cell recruitment in response to chemokine injection. CXCL4 increased the number of CD45+ 

(general leukocyte marker) cells, compared to vehicle controls (Fig. 1B). Surprisingly, 

CXCL4 recruited a wide range of different leukocyte types (Fig. 1C, gating strategy in 

Fig. S1A); specifically, neutrophils, eosinophils, monocytes, dendritic cells, and T cells 

(TCR beta+, NK1.1+ and Gamma delta+). In contrast, CCL2, which serves as a comparator 

for CXCL4, given its well established classical recruitment mechanism via a leukocyte 

chemokine receptor (CCR2)2, recruited only monocytes (Fig. S1B). Furthermore, using a 

transcranial window imaging approach (Fig. 1D) we also determined that CXCL4 increases 

adhesion of leukocytes to the vascular endothelium (Fig. 1E).

Recruitment of human monocytes by CXCL4 has been reported to be mediated by CCR114. 

However, CXCL4-mediated recruitment of CD45+ cells or monocytes remained unchanged 

in the CCR1 KO mouse compared to wild type controls (Fig. S2A). CXCR3 has also 

been associated with CXCL4 function, albeit at high concentrations6. Analysis of cells 
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recruited by CXCL4 into the air pouch demonstrated that only T cells expressed CXCR3 

(Fig. S2B). Furthermore, the Immgen database demonstrates that of the leukocytes recruited 

by CXCL4, only T cells express CXCR315. Thus, our data suggests that there was no 

chemokine receptor expression pattern across the leukocyte types recruited by CXCL4 that 

would explain their recruitment. Further analysis indicates that CXCR3 is also not present 

on endothelial cells sourced from the air pouch lining (Fig. S2C).

In order to comprehensively determine which chemokine receptors may be responsible 

for CXCL4 function we examined the ability of CXCL4 to activate all known human 

chemokine and atypical chemokine receptors in a global screen using β-arrestin-1 

recruitment as a functional read-out16. The resulting data indicate that CXCL4 does not 

activate any known chemokine receptor (Fig. 1F). Therefore, the mechanism underlying 

widespread CXCL4-mediated recruitment remained unclear.

We next sought to determine whether leukocytes can directly bind and use CXCL4 to 

facilitate their migration. We exploited previous observations that when chemokine receptors 

are knocked out, their ligands are increased in the serum due to reduced uptake and 

degradation17.

For example, iCCR (CCR1, 2, 3 and 5 combined) knock out (KO) mice fail to recruit 

monocytes to the carrageenan inflamed air pouch17. As a result of the ablated monocyte 

migration the chemoattractant CCL2 is no longer being used (bound and degraded) during 

monocyte egress from the blood into the inflamed air pouch of iCCR KO mice, and 

is found at elevated levels in the serum (Fig. 1G). In contrast, CXCL4 levels remained 

unchanged under the same conditions. This suggests that monocytes do not directly utilise 

CXCL4 during trafficking to the inflamed air pouch, even though CXCL4 facilitated their 

recruitment.

Together these data suggest that CXCL4-mediated recruitment is not driven by binding to 

chemokine receptors on the leukocyte surface. We hypothesised that CXCL4 would have 

direct effects on the vascular endothelium regulating processes underlying immune cell 

recruitment.

CXCL4 increases endothelial permeability

Given that our data suggests a direct effect of CXCL4 on endothelial cells we hypothesised 

that CXCL4 may regulate endothelial, and thus vascular, permeability. In a Transwell cell 

migration system (Fig. 2A), purified human monocytes produced a classic chemotaxis 

response to CCL2 (Fig. S3A). Similarly, CCL5 (monocytes), CXCL12 (Jurkats), CCL21 

(L1.2 cells) and CXCL8 (neutrophils) mediated recruitment of their concomitant receptor-

expressing cells at 10 nM concentrations (Fig. 2A). In contrast, no increase in monocyte 

recruitment was produced by CXCL4, even at a relatively high concentration of 10 nM, and 

despite the ability of CXCL4 to mediate monocyte recruitment in vivo (Fig. 1).

To better replicate the in vivo environment we added an endothelial cell monolayer to 

the upper Transwell chamber to analyse transendothelial migration (Fig. 2B). Addition of 
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CXCL4 produced a significant increase in movement of monocytes to the lower Transwell 

chamber, demonstrating that CXCL4 acts on the endothelium not the leukocyte.

Next, we showed that CXCL4 produced a significant increase in endothelial permeability, 

CCL5 had a similar effect whereas CCL2 and CXCL8 did not (Fig. 2C and Fig. S3B and C). 

To determine whether this effect of CXCL4 was mediated by a classical chemokine receptor 

(Gαi-coupled), we added pertussis toxin (PTx), but observed no effect at concentrations 

where PTx inhibits GPCR-mediated signalling (Fig. 2D)18. Crucially, CXCL4 increased 

vascular permeability in vivo as shown by leakage of fluorescent dextran from the brain 

meningeal vasculature after CXCL4 administration (Fig. 2E–G). These findings suggest that 

CXCL4 plays a role in regulating the permeability of the vascular endothelium.

CXCL4 regulates protein phosphorylation within endothelial cells

In order to determine how CXCL4 may facilitate leukocyte recruitment we firstly analysed 

the air pouch for changes in the concentration of a range of different cytokines and 

chemokines that play a key role in this process following CXCL4 injection (Fig. S4A). 

No changes, relative to vehicle controls, were observed for any of the proteins analysed 

suggesting no displacement/release of GAG-bound molecules by CXCL4.

To test whether CXCL4 has a direct effect on endothelial cells to facilitate leukocyte 

trafficking we utilised phosphorylation enriched mass-spectrometry (Fig. 2H). CXCL4 

had limited effects on endothelial protein levels after 2 hours of stimulation (Fig. S4B) 

but had wide-spread effects on the phosphorylation state of proteins, relative to vehicle 

controls, indicative of endothelial signalling responses to CXCL4 (Fig. 2H). WebGestalt 

analysis indicated a number of pathways that were dysregulated following CXCL4 

stimulation of endothelial cells19. The phosphorylation state of proteins associated with 

cell adhesion molecule binding was changed following CXCL4 endothelial stimulation. 

Specifically PML, GAPVD1, MYH9, and UTRN phosphorylation was increased and 

CTTN, SERBP1 and TNKS1BP1 phosphorylation was decreased by CXCL4. Dysregulated 

phosphorylation of proteins associated with adherens junctions and vascular permeability 

was also observed. Specifically increased phosphorylation of TJP1, MYH9, RPLP0 and 

decreased phosphorylation of CAV1, CTTN, SHROOM2 and TNKS1BP1 was detected in 

response to CXCL4 signalling (Fig. 2H). These data suggest that CXCL4 can signal to 

endothelial cells regulating phosphorylation of proteins that mediate leukocyte adhesion 

to endothelial cells and also endothelial permeability, supporting our in vivo and in vitro 
findings of CXCL4 mediated leukocyte recruitment, adhesion and vascular permeability 

(Fig. 1 and 2).

CXCL4 function is directly mediated via its interaction with the endothelial GAG heparan 
sulphate (HS)

Given the independence of CXCL4 mediated leukocyte recruitment from a classic 

chemokine receptor (Fig. 1 and 2), its high affinity for GAG side chains of proteoglycans 

and the presence of these proteoglycans within the glycocalyx on the blood exposed surface 

of the endothelium (Fig. 3A)8, we hypothesised that CXCL4 interaction with GAGs on 

these proteoglycans would directly facilitate leukocyte recruitment. To determine this, we 
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added chemokine to Chinese hamster ovary (CHO) cells with and without genetic KO of 

the key GAG synthesis gene (B4galt7)20. CXCL4 accumulation was GAG-dependent and 

much higher than with CCL2 (Fig. 3B and Fig. S5A), despite their similar molecular weight 

and oligomerisation propensity11,21. HS is thought to be the dominant GAG within the 

endothelial glycocalyx8. We, therefore, used a biophysical bio-layer interferometry (BLI) 

approach (Fig. 3C) and determined that the binding of CXCL4 to an HS GAG surrogate, 

heparin octasaccharide (dp8), was much higher than for CCL2 (Fig. 3D and Fig. S5B). This 

difference in cellular accumulation and GAG binding indicated that CXCL4 function could 

be directly dependent on its GAG interaction, unlike CCL2.

To test this hypothesis, we firstly showed that CXCL4 binding to GAG was inhibited 

by pre-incubation with exogenous purified GAG (heparin) in the BLI assay (Fig. 3E and 

Fig. S5C) and on the cell surface (Fig. S5D), demonstrating specificity of the interaction. 

Subsequently we determined that pre-incubation with heparin reversed CXCL4 mediated 

increases in endothelial permeability in vitro (Fig. 3F) and ablated CXCL4 mediated 

leukocyte recruitment in vivo (Fig. 3G). In contrast, CCL2 mediated recruitment of 

monocytes to the air pouch was only reduced by a third following pre-incubation with 

exogenous heparin (Fig. S5E).

These experiments demonstrate that the interaction of CXCL4 with GAGs is responsible for 

CXCL4 mediated recruitment, likely by modulating endothelial cell functions that regulate 

leukocyte recruitment. In contrast, the CCL2:GAG interaction has an important but less 

direct role in facilitating CCL2 mediated leukocyte recruitment; presumably via localisation 

within the endothelial glycocalyx to facilitate interaction with leukocyte receptors.

CXCL4 oligomerisation mediates GAG binding and leukocyte recruitment

We have previously shown that high-affinity chemokine:GAG interactions are mediated by 

chemokine oligomerisation and cross-linking of GAG chains11,12. Therefore, we next tested 

the hypothesis that CXCL4 oligomerisation is a critical driver of leukocyte recruitment via 

crosslinking of GAGs (Fig. 4).

To analyse chemokine oligomerisation we used sedimentation velocity analytical ultra-

centrifugation (SV-AUC). SV-AUC showed that CXCL4 has a sedimentation coefficient 

of 2.7S, with an estimated frictional ratio of 1.33 and a mass estimate using the Svedberg 

equation of 28.9 kDa, consistent with its formation of tetramers in solution (Fig. 4A)22,23. 

A mutant of CXCL4 has previously been generated (K50E) to inhibit oligomerisation of 

CXCL424. The CXCL4 K50E mutant had a much lower sedimentation coefficient of 1.26S, 

suggestive of either a compact monomer or an elongated dimer; confirming that the K50E 

mutation inhibits CXCL4 oligomerisation (Fig. 4A and B)23. CXCL4 K50E also exhibited 

a large reduction in binding to GAG in the BLI assay, compared to WT CXCL4 (Fig. 4C) 

and did not recruit leukocytes (CD45+) in vivo (Fig. 4D). We therefore hypothesised that 

inhibition of CXCL4 oligomerisation is a potential avenue to target CXCL4 driven leukocyte 

recruitment via inhibition of GAG binding.

Incubation of CXCL4 with an anti-CXCL4 antibody (clone: RTO) that binds monomeric 

CXCL4 and inhibits CXCL4 oligomerisation (Fig. 4E)25 produced a concentration-
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dependent inhibition of the CXCL4:GAG interaction in BLI (Fig. 4F–G and Fig. S6A); 

further demonstrating specificity of the CXCL4:GAG interaction. The inhibitory effect of 

RTO produced an increased off-rate of CXCL4 from GAG, re-creating that observed for 

CXCL4 K50E (Fig. S6B). RTO mediated inhibition was specific to CXCL4 since it did not 

affect CCL2 binding to GAG (Fig. S6C) or bind to the GAG directly (Fig. 4F).

Since the RTO antibody affected the off-rate of the CXCL4:GAG interaction (Fig. 4F), 

we next sought to determine whether RTO could affect CXCL4 mediated cross-linking of 

GAG chains. To test this, we used a biophysical model of the glycocalyx formed by HS 

GAG chains anchored on a fluid supported lipid bilayer, enabling analysis of GAG in-plane 

mobility and cross-linking using fluorescence recovery after photo-bleaching (FRAP) (Fig. 

4H–J and Fig. S7). CXCL4 inhibited recovery 40 seconds after bleaching (Fig. 4I) and over 

time (Fig. 4J), indicating cross-linking of GAG chains. Pre-incubation of CXCL4 with RTO 

returned the bleaching recovery close to that seen in the absence of CXCL4 (HS alone) 

(Fig. 4I–J and Fig. S7). These data demonstrate that RTO mediated inhibition of CXCL4 

oligomerisation prevents cross-linking of GAGs. Together, the AUC, BLI and FRAP data 

demonstrate that chemokine oligomerisation and cross-linking of GAGs are related events 

that drive the interaction with GAGs.

To determine the importance of CXCL4 oligomerisation, GAG-binding and cross-linking in 

leukocyte recruitment we utilised RTO in our in vivo leukocyte recruitment model (Fig. 4K). 

RTO resulted in ablation of CXCL4 mediated CD45+ leukocyte recruitment, confirming 

the importance of oligomerisation in vivo. This further supports the direct role of GAGs 

in CXCL4 driven leukocyte recruitment since monomeric chemokines promote chemokine 

receptor signalling through their GPCRs10,26. Indeed, recent structural studies suggest that 

chemokine oligomerisation and receptor binding are likely to be mutually exclusive due to 

overlap in binding sites, at least for many receptor:chemokine pairs9.

GAG sulphation confers selectivity on chemokine localisation

The above data show that CXCL4 function is driven by its interaction with GAG side chains 

of proteoglycans on the endothelial cell surface. To further characterise chemokine:GAG 

interactions, we probed the role of specific GAG sulphation positions (Fig. 5A). We 

hypothesised that changes in GAG sulphation would alter which chemokines are bound 

and presented on cells.

Earlier experiments (Fig. 3B) demonstrated that GAG deficiency in CHO cells resulted in 

reduced binding to CXCL4. To determine which GAG types are responsible for chemokine 

binding we used CHO and human embryonic kidney (HEK) cells with gene KOs to remove, 

individually or in combination, HS and/or chondroitin sulphate (CS) (Fig. 5A and Fig. 

S8)20,27. We determined that HS bound to CCL2 and CXCL4 (Fig. 5B) whilst CS GAG only 

bound to CXCL4 on HEK cells (Fig. S8A).

HS GAG chains are 20–200 repeating disaccharides in length and are selectively sulphated 

on the N-, 2-O, 6-O and 3-O positions, which mediate chemokine:GAG binding (Fig. 5A)28. 

The enzymes that produce these different sulphation points were systematically knocked out 

in CHO cells, facilitating analysis of their contribution to chemokine:HS interactions (Fig. 
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5C). KO of NDST1/2, which reduces N-, 2-O and 6-O sulphation on HS20, largely ablated 

CHO cell binding to CXCL4 and CCL2. CXCL4 binding was not reduced in any of the 

other cell lines. CCL2 binding was reduced in the absence of HS2ST1 (2-O sulphation), 

GLCE (required for 2-O sulphation) and combined HS6ST1, 2 and 3 (6-O Sulphation). 

Since CHO cells do not make 3-O sulphated HS, the genes that produce it were knocked 

in29. 3-O sulphation generally increased CHO cell interaction with CXCL4 and CCL2 

(Fig. S8B), however, HS3ST1 KI significantly enhanced binding to CCL2 but not CXCL4. 

These data demonstrate that differential sulphation of GAG chains provides considerable 

selectivity in binding to chemokines and presenting them on the cell surface.

Preferential targeting of CXCL4 function using GAG mimetics

Disruption of chemokine:GAG interactions is a possible avenue for therapeutic intervention 

in disease30. Heparin GAG and its derivatives are used as anti-coagulants and are well 

tolerated in the clinic31. Given the selective interactions mediated by GAG sulphation (Fig. 

5A–C), we hypothesised that modified heparin derivatives, with specific sulphation sites 

removed, may allow preferential inhibition of chemokine driven leukocyte recruitment.

To determine binding selectivity of differentially sulphated heparins we used BLI to analyse 

binding to CXCL4 and CCL2 (Fig. 5D). This confirmed higher accumulation of CXCL4, 

over CCL2, on fully sulphated (2-O, 6-O and N- sulphated) heparin (Fig. S8C). Again CCL2 

was more sensitive to selective removal of specific sulphate groups than CXCL4 (Fig. 5D). 

The CXCL4 K50E mutant demonstrated that oligomerisation is important for overall GAG 

binding and not sulphation specificity (Fig. S8C and D). These data further demonstrated 

chemokine:GAG selectivity32.

This BLI approach identified a heparin form (2-O desulphated) with full binding activity for 

CXCL4 and reduced binding to CCL2 (Fig. 5E). Pre-incubation with the 2-O desulphated 

fragment abolished CXCL4-, but not CCL2-, mediated leukocyte recruitment in vivo 
(Fig. 5F and G). These data demonstrate sulphation-driven selectivity of chemokine:GAG 

interactions and suggest that this can be exploited to use GAG mimetics to selectively inhibit 

certain chemokines.

Discussion:

Here we show that the chemokine CXCL4 mediates recruitment of a range of different 

leukocytes by binding to the GAG chains of proteoglycans within the endothelial 

extracellular matrix and not chemokine receptors on leukocytes or the endothelium (Fig. 

6). We hypothesise that CXCL4 binding and cross-linking of GAG chains on endothelial 

proteoglycans triggers signalling mechanisms within the endothelial cells that mediate 

the effects observed here (Fig. 6)13 and elsewhere33. Whilst we present extensive data 

demonstrating the importance of GAG binding for CXCL4 function it remains difficult to 

exclude a role for a non-defined alternative receptor in this system. Future studies will 

be needed to fully dissect the underlying signalling pathways and integration with known 

endothelial signalling mechanisms that regulate leukocyte recruitment.
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This generalised recruitment of different leukocytes is supported by previous observations 

that CXCL4 recruits neutrophils and monocytes in response to ischaemia reperfusion 

injury34, neutrophils to influenza or Pseudomonas aeruginosa infected lungs35,36, monocytes 

to atherosclerotic plaques37 and T cells into the malaria infected brain38. Our study may 

also provide a mechanism explaining previous observations that CXCL4 increases vascular 

permeability in the brain during cerebral malaria and in the lung following acute injury38,39. 

CXCL4 mediated increase of vascular permeability and leukocyte adhesion also fits with the 

role of platelets in facilitating rapid recruitment of leukocytes in response to inflammation40. 

Thus we propose that CXCL4 production/release is induced during inflammation enabling 

subsequent CXCL4 mediated vascular permeability, leukocyte adhesion to the endothelium 

and leukocyte recruitment via binding to GAG chains on endothelial proteoglycans. CCL5, 

which can also cross-link GAGs12, increased endothelial permeability in vitro whereas 

CCL2 and CXCL8, which cannot cross-link GAGs, did not. These data further associate 

GAG cross-linking with proteoglycan mediated effects and suggest other chemokines, 

cytokines and proteins may function, at least in part, through proteoglycans similarly to 

CXCL4.

The chemokine system has long been described as redundant, whereby multiple ligands can 

bind to the same receptor and multiple receptors can bind to the same ligand. However, 

studies designed to address whether chemokine redundancy exists have found limited 

evidence for it and in fact suggest specificity17,41–43. Specificity of receptor function 

is largely explained by co-ordinated cellular expression44. Contrastingly, there are many 

examples where chemokine ligands that recruit the same cell types are present at comparable 

concentrations in the same context32,45. Our data suggest that chemokine:GAG interactions, 

co-ordinated by the differential GAG sulphation patterns found across cells and tissues46, 

will produce specific localisation of chemokines at the cellular and tissue level.

This study demonstrates ways to target CXCL4 in inflammatory disease by inhibiting 

oligomerisation and GAG binding using GAG mimetics or specific antibodies. Blocking 

CXCL4-mediated recruitment of a range of leukocytes and increased vascular permeability 

is particularly promising in acute hyper-inflamed disease, e.g. sepsis39. Such approaches 

may also be relevant to targeting CXCL4 in the rare side effects of adenovirus vaccines 

against SARS-CoV-2 infection47. Future work will be important to address the potential role 

of CXCL4 as a master regulator of leukocyte recruitment in health and disease.

Limitations of the study

Whilst we present extensive data demonstrating the importance of GAG binding for CXCL4 

function it remains difficult to exclude a role for a non-defined alternative receptor in 

this system. In addition future studies will be needed to fully dissect the underlying 

signalling pathways and integration with known endothelial signalling mechanisms that 

regulate leukocyte recruitment. We also demonstrate that CXCL4 mediates signalling in 

endothelial cells, however, it remains possible that CXCL4 driven cross-linking of GAG 

chains within the endothelial glycocalyx may play a more “physical” role in facilitating 

leukocyte recruitment. Furthermore, we present data demonstrating that specific sulphation 

of GAG chains mediates specificity of binding to chemokines. It remains to be seen 
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whether this is a key mechanism during tissue specific leukocyte recruitment in vivo. It 

is also possible that the mechanism we describe may be important in the function of other 

chemokines and related proteins. These issues need to be addressed in future studies.

STAR METHODS

Resource availability

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Dr Douglas Dyer, 

(douglas.dyer@manchester.ac.uk)

Materials availability—This study did not generate new unique reagents.

Data and code availability—All data reported in this paper will be shared by the lead 

contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

Experimental model and subject details

Mice—Adult male C57/Bl6 mice (8–12 weeks) were housed in cages of up to four on a 

12-hour light/dark cycle, with ad libitum access to food and water. All experiments were 

carried out following ethical approval from The University of Manchester and University of 

Glasgow and under licence from the UK Home Office (Scientific Procedures Act 1986).

Cell lines—HEK-293T (ATCC), immortalised human umbilical vein endothelial (Ea.Hy 

926 cells) (ATCC), Jurkat and L1.2+ (kind gift from Brian Zabel) cell lines were grown in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS, penicillin (100 

Units/ml) and streptomycin (100 μg/ml).

Method details

Materials—All chemokines were purchased from Protein Foundry unless otherwise 

specified. The dp8 and heparin GAGs were purchased (Iduron) and the de-sulphated heparin 

fractions were generated as detailed in48.

In vivo leukocyte recruitment—The air pouch was created by injecting 3 mL of 

sterile air subcutaneously under the dorsal skin on 3 occasions 48 hours apart as described 

previously17. The indicated quantity of chemokine was re-suspended in 100 μl of PBS 

(Sigma) and injected into the air pouch. Mice were culled 24 hours later and the air pouch 

flushed twice with 3 mL of air pouch buffer (PBS containing 1 mM EDTA (Sigma) and 

1% (w/v) foetal bovine serum (FBS, Sigma)) to retrieve recruited cells. Retrieved cells were 

washed in air pouch buffer and stained with fixable cell viability dye (eBioscience, 1:1000 in 

PBS) for 20 minutes at 4 °C before being washed in flow cytometry buffer and re-suspended 

in 100 μl antibody staining cocktail (antibodies and FcR blocking reagent (Miltenyi Biotec) 
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diluted 1:200. Cells were incubated for 30 minutes at 4 °C to stain before being washed in 

flow cytometry buffer and fixed for 10 minutes using 100 μl fixation buffer (BioLegend) at 

room temperature. CXCR3 staining was performed at 37 °C for 15 minutes prior to surface 

antibody staining. Cells were then re-suspended in flow cytometry buffer before addition of 

counting beads (ThermoFisher Scientific) and analysed using a Fortessa flow cytometer (BD 

Biosciences).

Flow cytometry data was analysed to quantify absolute cell counts or as the percentage of 

live cells before being normalised relative to vehicle controls to facilitate comparison across 

experiments.

Chemokine activity analysis (β-arrestin recruitment)

Cells and proteins: HEK-293T cell line was purchased from ATCC and were grown in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS, penicillin (100 

Units/ml) and streptomycin (100 μg/ml). Chemokines were purchased from PeproTech with 

the exception of CCL1 and CXCL17 that were purchased from R&D Systems.

β-arrestin recruitment assay: β-arrestin recruitment to chemokine receptors in response to 

CXCL4 or positive control chemokines (listed in the IUPHAR repository of chemokine 

receptors) was monitored by NanoLuc complementation assay [NanoBiT, Promega; 

Madison, USA, as previously described16,49–51. In brief, 8 × 105 HEK293T cells were plated 

per well of a 6-well dish and 24 hours later co-transfected with pNBe vectors encoding 

chemokine receptors C-terminally tagged with SmBiT and human β-arrestin-1 N-terminally 

tagged with LgBiT. 24 hours after transfection cells were harvested, incubated for 15 

minutes at 37 °C with Nano-Glo Live Cell substrate diluted 200-fold and distributed into 

white 96-well plates (1 × 105 cells per well). CXCL4 or one known agonist chemokine listed 

in the IUPHAR repository of chemokine receptor ligands was added as positive control to 

each receptor16 at a final concentration of 100 nM. Ligand-induced β-arrestin recruitment 

to chemokine receptors was monitored with a GloMax® Discover plate reader (Promega, 

Madison, USA) for 20 minutes.

ELISA and Luminex analysis of air pouch fluid—Specific concentrations of CXCL4 

and CCL2 in mouse serum samples were measured by enzyme-linked immunosorbent assay 

(ELISA), using Mouse CXCL4/PF4 and Mouse CCL2/JE/MCP-1 DuoSet ELISA kits (R&D 

Systems, Minneapolis, MN) as per the manufacturer’s instruction. Optical densities were 

read using a Versamax Microplate Reader (Marshall Scientific, Hampton, NH) at 450 nm 

wavelength. Air pouch fluid samples were analysed using a Bio-Plex Pro Mouse Chemokine 

Panel, 31- Plex Assay (Bio-Rad, UK), and the data was acquired on a Bio-Plex Manager™ 

(Software 6.2)

In vitro chemotaxis, endothelial transmigration and endothelial permeability

Chemotaxis: Monocyte and neutrophil purification was performed as described 

previously21, briefly blood was obtained from the San Diego Blood Banks and peripheral 

blood mononuclear cells (PBMCs) were separated by using a Ficoll-Paque gradient 

and centrifugation. Monocytes were then purified from freshly isolated PBMCs using a 
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CD14+ selection MACS purification (Miltenyi Biotec) followed by final re-suspension in 

chemotaxis buffer (DMEM (Sigma) + 10% (v/v) FBS (Sigma)). Neutrophils were removed 

from the bottom of the Ficoll-Paque gradient and red blood cells were removed using red 

blood cell lysis buffer followed by washing and final re-suspension in chemotaxis buffer.

Chemokine or vehicle control was added in the bottom well of endothelial transwells (5 μm 

pores (Corning)) at the indicated concentration in 600 μl of chemotaxis buffer. 100 μl of 

2 × 106 (2 × 104 total) cell suspension monocytes (CCL2 and CCL5), Jurkats (CXCL12), 

CCR7+ L1.2 cells (CCL21) and neutrophils (CXCL8) were added to the top well for 

the indicated chemokine. Transwells were then incubated for 2 hours at 37 °C/5 % CO2, 

removed and faux adherent cells from the lower membrane washed into the bottom well 

before migrated cells were counted using a Guava EasyCyte 8HT flow cytometer (Merck 

Millipore). Data was then presented as the total number of migrated cells or relative to 

vehicle controls (% control).

Transendothelial migration and permeability: Transendothelial migration experiments 

were undertaken as above but prior to the addition of migrating cells, endothelial cells 

were coated onto the upper side of the transwell insert as follows. Transwells with 5 μm 

pores (Corning) were coated with 50 μl per well of 10 μg/ml of fibronectin (Sigma) and 

incubated for 1 hour at 37 °C/5% CO2 and washed three times with 50 μl per well of PBS 

(Sigma). Immortalised human umbilical vein endothelial cells (Ea.Hy 926 cells) (ATCC) 

were seeded into each well, 100,000 cells per well in 50 μl of culture medium (DMEM 

(Sigma) containing 1% (v/v) penicillin-streptomycin solution (Thermo Fisher Scientific), 

10% (v/v) FBS (Sigma) and 1% (v/v) L-Glutamine (Sigma)) and incubated for 2 days at 

37 °C/5% CO2. Transwells were then washed with PBS (three times with 50 μl) and finally 

chemotaxis buffer prior to endothelial transmigration experiments. In the case of endothelial 

permeability experiments, 100 μl of chemotaxis buffer containing 25 μM 70,000 MW Texas 

Red dextran (Thermo Fisher Scientific) was added to the upper side of the endothelial 

monolayer, following incubation (2 hours 37 °C/5% CO2) fluorescence of the bottom well 

was determined using a FlexStation 3 fluorescent plate reader (Molecular Devices). Data 

were expressed and plotted relative to vehicle controls.

In vivo vascular permeability and leukocyte adhesion

Animals: Cranial window implantation surgery was performed on male C57BL/6J mice at 

20–25 grams and multiphoton imaging was conducted two weeks later.

Cranial window implantation: Cranial window implantation was conducted as previously 

described52. In brief, animals were anaesthetised with 2.5% isoflurane in room air and 

positioned within a stereotactic frame with a heating blanket and temperature probe to 

ensure maintenance of body temperature at 37.5 °C. The cranium was exposed by removal 

of the scalp on top of both brain hemispheres. A metal head plate (Narishige CP-2, Japan) 

was mounted using dental cement (Sun Dental, Japan), to allow later fixation within the 

multiphoton microscope setup. A 3 mm diameter circular piece of bone was then carefully 

removed using a dental drill and a circular coverslip (Warner Instruments, USA) was secured 

in place of the removed bone using dental cement.
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Multiphoton imaging: Depth of anaesthesia was maintained throughout the experiment 

using 1.5–2% isoflurane in 100% oxygen. Animals were fixed into the setup via the head 

plate and a heating blanket and temperature probe were used to maintain body temperature 

at 37.5 °C. Images were collected on a Leica SP8 Upright Multiphoton microscope using 

a Leica 25x / 0.95 L HC Fluotar dipping objective. All images equated to a physical size 

of 620 × 620 μm but image format and thus pixel sizes were varied between different 

experiments.

Permeability studies: Animals underwent intravenous injection of 50 μl of 10 mg/ml 

neutral 70,000 MW Texas Red dextran (Thermo Fisher Scientific) in sterile saline following 

induction of anaesthesia. Images were captured at 1024 × 1024 pixel resolution and the z 

planes were spaced 2 μm apart. Samples were imaged using two-photon excitation from a 

MaiTai MP laser (Spectra Physics) tuned to 880 nm and signal collected using the Leica 

external non-descanned hybrid detectors (NDHyD) through a BP624/40 filter for the Texas 

Red dextran signal and simultaneously onto a second NDHyD through a BP440/20 filter 

to image the dura via second harmonic generation (SHG) imaging. This approach ensured 

that the equivalent cranial depth was recorded in each experiment. Baseline images were 

taken for all regions of interest (ROIs). Animals were then intravenously injected with 5 μg 

of unlabelled CXCL4 diluted in saline or vehicle control (saline alone). Two or three ROIs 

were acquired for each animal and three or four animals were used per group. Texas Red 

channel maximum-intensity projection images of the first 60 μm of tissue including the dura 

were generated and the fluorescence intensities (mode) for each ROI were calculated. These 

values were taken for each image at 120 minutes following CXCL4/vehicle injection and 

plotted as fold change from the baseline maximum-intensity projection images.

Leukocyte adhesion studies: Intravenous injection of 100 μl of Wheat Germ Agglutinin 

Alexa Fluor 488 conjugate (Thermo Fisher Scientific) was performed on awake animals 

two hours prior to imaging, to label the leukocytes, as previously described53,54. Following 

induction of anaesthesia 5 μg of unlabelled CXCL4 diluted in saline or vehicle control 

(saline alone) mixed with 50 μl of 10 mg/ml 70,000 MW Texas Red dextran (Thermo Fisher 

Scientific) was injected intravenously. Two-photon excitation was used with the MaiTai 

MP laser tuned to 800 nm and imaged simultaneously on to external NDHyD’s through 

BP525/50 (for Alexa Fluor 488) and BP624/40 (for Texas Red) filters. To monitor leukocyte 

activity in each ROI, a 1-minute recording was acquired as a single plane over time (xyt 

mode) at 256 × 256 pixel resolution at 4 frames per second. Furthermore, images were also 

acquired at 1024 × 1024 pixel resolution for high resolution representations of each ROI. 

This imaging regime was repeated 24 hours after CXCL4/vehicle injection under terminal 

anaesthesia following an additional injection of 50 μl of 10 mg/ml Texas Red dextran to 

re-label the bloodstream. Leukocyte adhesion was assessed within the venular system 24 

hours following CXCL4 or vehicle injection via manual counting. Leukocytes were classed 

as adhered if they remained in position for the 1 minute duration of the xyt recording and 

data was recorded as average number of adhered leukocytes across the 3 ROIs for each 

animal. Three ROIs were recorded per animal and 3 animals were used per group.
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Phosphorylation enriched mass-spectrometry analysis of CXCL4 stimulated 
endothelial cells

Endothelial stimulation: Wells of a 12-well plate (Sigma-Aldrich) were treated with 1 mL 

fibronectin bovine plasma (10 μg/mL in PBS, Sigma-Aldrich) and incubated for 1 hour 

at 37°C. Fibronectin was removed and wells were washed with 1 mL PBS. EA.HY 926 

endothelial cells were seeded (200,000 cells per well) in culture medium and left to incubate 

at 37°C for 24 hours. Non-adherent cells were removed by washing with 1 mL DPBS 

twice. Endothelial cells were then stimulated with vehicle control or CXCL4 (7 μg per well) 

in culture medium for 2 hours. Media was then removed from wells, cells washed with 

PBS and were then lysed with RIPA buffer (Merckmillipore, 1:10 in double distilled H2O) 

supplemented with protease inhibitor (cOmplete tablets, Sigma-Aldrich) and phosphatase 

inhibitor (Sodium orthovanadate, 5 mM, Sigma-Aldrich) and incubated for 30 mins at 4°C. 

Lysates were then frozen at −20°C until needed.

Proteolytic digestion and phosphopeptide enrichment: Protein samples were reduced 

with 15 mM dithiothreitol for 45 min at 56°C. Samples were then cooled and alkylated with 

50 mM iodoacetamide (IAM) (45 min, RT, in the dark). −20°C acetone was added at 4 times 

volume of sample and incubated at −20°C for 1 hour to precipitate. Following centrifugation 

(16,000 × g, 20 mins, 4°C) the pellet was washed with −20°C acetone and centrifuged 

again as stated. The pellet was left to dry in a fume hood for 20 min. Pellets were 

resuspended in 50 mM ammonium bicarbonate supplemented with 0.2% (w/v) Rapigest 

Surfactant (Waters). Samples were digested with sequencing-grade trypsin (Promega) at an 

enzyme-to-protein ratio of 1:50 and incubated overnight at 37°C whilst shaking (450 rpm). 

Digested samples were acidified with trifluoroacetic acid (TFA) to a final concentration 

of 1% (v/v), pH 3–5. Samples were incubated at 37°C for 45 min, then centrifuged 

(20,000 × g, 10 min) to precipitate out Rapigest. Desalting was performed with Oasis 

HLB Cartridges (Waters) which were wet with 50% acetonitrile (ACN) and equilibrated 

with 0.1% formic acid (FA). Samples were eluted in binding solution (80% v/v ACN, 5% 

v/v TFA, 1M glycolic acid). Enrichment of phosphopeptides was performed via incubation 

with MagReSyn® titanium dioxide beads (resynbio). A fraction of digested samples was 

retained for proteomic analysis. Phosphoproteomic analysis preparation involved washing 

of beads with 1% ammonium hydroxide and binding solution. Automated phosphopeptide 

enrichment was performed on the KingFisher Flex robot (ThermoFisherScientific) with a 

homologous set up to previously described55.

LC-MS/MS Analysis: Digested samples were made up in 12 μL (phospho samples) and 20 

μL (protein samples) of 3% ACN and 0.1% FA. Samples were analysed via tandem mass 

spectrometry (LC-MS/MS) using an UltiMate® 3000 Rapid Separation LC (RSLC, Dionex 

Corporation, Sunnyvale, CA) coupled to a QE HF (Thermo Fisher Scientific, Waltham, MA) 

mass spectrometer. Mobile phase A was 0.1% FA in water and B was 0.1% FA in ACN. The 

column used was 75 mm × 250 μm i.d. 1.7 mM CSH C18, analytical column (Waters). For 

proteomic analysis 1 μL aliquot of sample was transferred to 5 μL loop and loaded on the 

column at a flow of 300 nL/min for 5 min at 5% B. For phospho samples, 3 μL was injected 

and loaded for 13 min. The loop was taken out of line and flow reduced from 300 nL/min 

to 200 nL/min (in 30 secs). Peptides were separated on a gradient starting from 5% to 18% 
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B (in 63 min 30 sec), then from 18% to 27% B (in 8 min) and from 27% B to 60% B (in 1 

min). At 85 min flow is increased back to 300 nL/min until 90 min (end of run).

Data was acquired in data directed manner for 90 min in positive mode. Peptides were 

automatically selected for fragmentation by data dependent analysis of the top 12 peptides 

with mass/charge (m/z) between 300 to 1750Th, a charge state of 2/3/4 and dynamic 

exclusion set at 15 sec. MS resolution was set at 120,000, ACG target of 3e6 and maximum 

fill time at 20ms. MS2 resolution was set to 30,000, ACG target of 2e5, maximum fill time 

of 45 ms, isolation window of 1.3Th and collision energy of 28.

Data processing and analysis: Raw data for both proteome and phosphoproteome were 

processed together using MaxQuant (v1.6.17.0)56 against the human proteome obtained 

from Uniprot (May 2021)57. Fixed modification of carbamidomethylation of cysteine and 

variable modifications of methionine oxidation, protein N-terminal acetylation were set for 

both proteome and phosphoproteome data with phosphorylation of serine, tyrosine and 

threonine set for the phosphoproteome data only. Precursor tolerance was set at 20ppm 

and 4.5pm for the first and main searches, with MS/MS tolerance set at 20ppm. A false 

discovery rate (FDR) of 0.01 was set for PSM and protein level, up to two missed cleavages 

were permitted and “match-between-runs” was selected.

Processed data were analysed using the Perseus software (1.6.15.0)58. Proteome data 

were filtered for reverse hits, potential contaminants and proteins only identified by 

modified peptides. Proteins were retained that were present in 50% of samples and ratios 

between stimulated/un-stimulated were calculated. Phosphorylation site data were filtered 

for reverse hits, potential contaminants and localisation probability greater than 0.75 (class 

I). Phosphorylation sites were retained that were present in 50% of samples and ratios 

between stimulated/un-stimulated were calculated.

Analysis of chemokine binding to cell surface GAGs—This analysis was adapted 

from a previous approach20. Briefly, 1 × 105 genetically engineered CHO GS−/− or HEK293 

6e cells were harvested from suspension culture and washed in 1 × PBS before being 

incubated with biotinylated recombinant human CXCL4 or CCL2 (Protein Foundry LLC) at 

10 μg/mL in 1 × PBS with 1% FBS for 30 minutes at 4 °C. Cells were washed with 1 × PBS 

with 1% FBS and incubated with 1:2000 Alexa Fluor 488-streptavidin (S32354, Invitrogen) 

in 1 × PBS with 1% FBS for 30 min at 4 °C. After washing with 1 × PBS with 1% FBS, 

cells were resuspended in 1 × PBS with 1% FBS and fluorescence intensity was analysed 

on a SA3800 spectral cell analyzer (SONY). For the heparin inhibition assays, 10 μg/mL 

CXCL4 or CCL2 was pre-incubated with varying concentrations of porcine mucosal heparin 

in 1 × PBS with 1% FBS for 30 min at RT prior to incubation with cells. All experiments 

were performed a minimum of three times using triplicate samples.

Biophysical chemokine:GAG interaction analysis (Bio-layer interferometry)
—Bio-layer interferometry was performed on an Octet Red96 system (Sartorius AG, 

Goettingen, Germany) using a methodology adapted from11. Firstly, GAGs were 

biotinylated at their reducing end using an approach described elsewhere59 and immobilised 

onto High Precision Streptavidin (SAX) biosensors (Sartorius AG, Goettingen, Germany). 
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To immobilise, SAX biosensors were hydrated for 10 minutes in BLI buffer (10 mM 

Hepes, 150 mM NaCl, 3 mM EDTA, 0.05% Tween-20, pH 7.4). For the heparin dp8 GAG 

immobilisation was undertaken in BLI buffer at 0.078 μg/ml to achieve an immobilisation 

level of approx. 1 nm. For the differentially de-sulphated heparin fractions immobilisation 

was undertaken at 5 μg/ml in BLI buffer until all surfaces were saturated. Sensors were 

then washed in regeneration buffer (0.1 M Glycine, 1 M NaCl, 0.1% Tween, pH 9.5) and 

re-equilibrated in assay buffer. Blank reference or GAG coated sensors were then submerged 

into wells of black-walled 96 well plates containing 200 μL of BLI buffer containing 

chemokines at the indicated concentrations for the indicated time (association) before being 

transferred to assay buffer containing wells (dissociation) before finally being washed in 

regeneration buffer. The binding signal was recorded throughout and signal from binding 

of chemokine to blank (no immobilised GAG) sensors and by GAG immobilised sensors 

in assay buffer alone was subtracted from that produced by chemokine binding to GAG 

immobilised sensors. As well as signal over time the maximum signal during the association 

phase of the interaction was recorded and is plotted. Data were acquired at 5 Hz and 

analysed using the Octet HT 10.0 analysis programme. For inhibition analysis signal was 

plotted against inhibitor concentration and fitted for IC50 values using non-linear regression 

in the Prism software package (GraphPad).

Analytical ultra-centrifugation—CXCL4 and CXCL4 K50E were re-suspended in 

water to a concentration of 1 mg/ml and further diluted 1:10 in PBS. Samples were loaded 

into 2-sector cells with PBS as a reference and centrifuged at 50,000 rpm in a 4-hole 

An60Ti rotor monitoring the absorbance at 230 nm until sedimentation was reached. The 

time-resolved sedimenting boundaries were analysed using Sedfit60. The resulting profiles 

are shown in Gussi61.

Fluorescence recovery after photo-bleaching (FRAP) of films of in-plane 
mobile GAGs—Heparan sulphate (HS) used in FRAP assays was biotinylated at 

the reducing end (HS-b), as described previously59. HS was sourced from porcine 

intestinal mucosa, had a molecular weight of 12 kDa, a polydispersity of 1.6 and 

an average of 1.4 sulfates per disaccharide62. Dioleoylphosphatidylcholine (DOPC) and 

dioleoylphosphatidylethanolamine-CAP-biotin (DOPE-CAP-b) lipids were purchased from 

Avanti Polar Lipids (Alabaster, AL, USA). Streptavidin was labelled with Atto 565 

fluorophores (Sav Atto 565), and all chemicals for buffers were supplied by Sigma. Working 

buffer used for all experimental steps consisted of 10 mM HEPES, pH 7.4, and 150 mM 

NaCl in ultrapure water.

Preparation of model glycocalyces (films of in-plane mobile GAGs): Films of one-

end anchored HS polysaccharides on supported lipid bilayers were formed as previously 

described63,64. Briefly, pre-conditioned glass coverslips (24 × 24 mm2, type 1.5; Menzel 

Gläser, Braunschweig, Germany) were attached, using a bi-component glue (Picodent, 

Wipperfürth, Germany), to a custom-built teflon holder, thus forming the bottom of four 

identical wells with a volume of 50 μL each. Supported lipid bilayers (SLBs) were formed 

by the method of vesicle spreading65, through exposure of the glass surface to small 

unilamellar vesicles (100 μg/mL for 30 minutes) made from DOPE-CAP-b in a DOPC 
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background (molar ratio 0.5:99.5). SAv Atto 565 (40 μg/mL for 20 min) and HS-b (10 

μg/mL for 20 min) were then sequentially applied to the SLBs, to anchor HS via SAv to the 

biotin-presenting SLB. After each incubation step, the surface was washed with a working 

buffer to remove excess molecules from the solution phase.

Fluorescence recovery after photobleaching (FRAP) assays: With HS-b anchored to SAv 

atto 565, FRAP of the fluorescently labelled SAv was used as a reporter of GAG in-plane 

mobility. Fluorescence images were taken with a confocal laser scanning microscope (Zeiss 

LSM880, Zeiss, Germany) using ZEN software. The objective was a Plan-Apochromat 

40×/1.4 Oil DIC M27, and the light source a 561 nm laser. The pinhole size was 198 μm (5 

Airy units). In each FRAP experiment, 3 pre-bleach images of the surface (177.12 × 177.12 

μm2; 256 × 256 pixels) were acquired before a circle in the centre of the image (10 μm 

radius) was bleached, and 57 images were acquired post bleach to monitor the fluorescence 

recovery.

To quantify fluorescence recovery, all images were analysed in Fiji66. Mean fluorescence 

intensities were extracted from two regions of equal radius (6.92 μm) in each 

image in the sequence: the bleach region was located at the image centre and the 

reference region at the periphery. Fluorescence intensities were corrected for background 

fluorescence and intensity fluctuations, and normalised using the following equation: 

Inorm t = I t − Ibg
Iinit − I 0 / Iref t − Ibg

Iref,init − Ibg
− I 0 − Ibg

Iinit − I 0 . Here, lbg is the background intensity (measured in 

the absence of fluorophores, and constant across the image), linit. and l(t) are the intensities 

in the bleach region prior to bleaching (t < 0) and at post-bleach time t (l(0) = l(t = 0)), 

respectively, and lref,init. and lref(t) are the corresponding intensities in the reference region. 

With this normalisation, the unbleached (or fully recovered) intensity is 1, and the intensity 

in the bleach region immediately after bleaching is 0. Recovery curves were plotted as 

normalised intensity against time, and the area under each curve from t = 0 to t = 40 s 

was calculated to represent an effective measure of the in-plane mobility of SAv (and the 

attached HS) on the SLB.

To assess the impact of CXCL4 on HS mobility, the HS film was incubated with CXCL4 

alone (250 nM), with a mix of CXCL4 and RTO (at 2:1 molar ratio), or with a mix of 

CXCL4 and a control IgG (at 2:1 molar ratio) for 1.5 h; the HS film was then analysed by 

FRAP (within 10 minutes, and with excess proteins in the solution phase). Prior to use, the 

mixtures of CXCL4 and RTO (or control IgG) were incubated for 1 hour to allow complexes 

to form. Three independent experiments were performed for each condition, and in each 

experiment three FRAP series were acquired at different positions on the surface. Data 

shown in Fig. 4E and Suppl. Fig. 7 represent the mean ± 95% confidence intervals across all 

9 data sets per condition.

Immgen—The Immgen data base was probed using the MyGeneSet data browser15.

Quantification and statistical analysis

All statistics were performed using the Prism (GraphPad) software package. Experiments 

containing two groups were analysed using an unpaired t-test and data containing more than 

Gray et al. Page 17

Cell Rep. Author manuscript; available in PMC 2024 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



two groups were analysed using a one-way ANOVA with a post-hoc multiple comparison 

test. p < 0.05 was considered to be statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CXCL4 recruits a wide range of different leukocytes in vivo.
(A) Schematic of the in vivo leukocyte recruitment assay. (B) CD45+ cell counts 24 hr 

after CXCL4 injection. (C) Quantification of different leukocytes recruited by CXCL4. (D) 

Schematic of cranial window implantation for in vivo leukocyte adhesion analysis. (E) In 
vivo analysis of leukocyte (labelled green) adhesion to the walls of the vasculature (labelled 

red) following injection of CXCL4 or vehicle control. (F) Agonist activity of CXCL4 (100 

nM) towards 19 classical and 3 atypical chemokine receptors evaluated in a β-arrestin-1 

recruitment assay. For all receptors, one known agonist chemokine (100 nM) listed in the 

IUPHAR repository of chemokine receptor ligands was added as positive control. (G) CCL2 
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and CXCL4 quantification in the serum of wild type or iCCR (CCR1, 2, 3 and 5) KO 

inflamed mice.

All plots are mean with 95% confidence intervals and represent at least two separate 

experiments, data have been pooled and each dot in B, C, E and G represents an individual 

mouse and each dot in F represents the mean of an individual experiment. B and C 

are normalised to vehicle controls. Results in F are expressed as fold change relative to 

untreated controls and are presented as mean of three independent experiments. Individual 

p values are shown, B, E and G analysed using an unpaired t-test and C analysed using a 

one-way ANOVA with a post-hoc Sidak analysis of log-transformed data.

Gray et al. Page 24

Cell Rep. Author manuscript; available in PMC 2024 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. CXCL4 increases endothelial permeability in a receptor independent manner and 
mediates endothelial intracellular signalling.
(A) Chemokine mediated chemotaxis of relevant receptor expressing cells; CXCL4, CCL2 

or CCL5 (monocytes), CXCL12 (CXCR4+ Jurkat cells), CCL21 (CCR7+ L1.2 cells) 

and CXCL8 (CXCR2+ neutrophils). (B) Transendothelial migration of human monocytes 

towards CXCL4. (C) Transwell endothelial permeability in the absence and presence of 

CXCL4, (D) CXCL4 alone or in combination with pertussis toxin. (E) Schematic of cranial 

window implantation for in vivo vascular permeability analysis. (F) In vivo analysis of 

leakage of intravenously injected fluorescent dextran from the vasculature into the meninges 

following intravenous injection of CXCL4 or vehicle control. (G) Quantification of (F). 
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(H) Heat map of the Log2 fold change of indicated protein phosphorylation sites from 

endothelial cells stimulated with CXCL4, relative to vehicle controls.

All plots are mean with 95% confidence intervals, represent at least two separate 

experiments where data have been pooled. Each dot in A-D represents an individual 

transwell and each dot in G represents an individual mouse. Data in A-D and G are 

normalised to vehicle controls. Individual p values are shown, and C analysed using an 

unpaired t-test, D and G using a one-way ANOVA with a post-hoc Tukey analysis.
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Figure 3. CXCL4 function is mediated by its interaction with glycosaminoglycans (GAGs).
(A) Schematic of proteoglycans forming the luminal endothelial glycocalyx. (B) CXCL4 

binding to CHO cells with and without surface GAGs. (C) Schematic of the biophysical 

BLI GAG-binding assay. (D) Maximum signal of chemokine:dp8 binding at different 

chemokine concentrations in the BLI assay. (E) Maximum CXCL4 (100 nM) binding to dp8 

signal following pre-incubation with increasing concentrations of heparin. (F) Endothelial 

permeability (Transwell) assay with and without CXCL4 and exogenous heparin. (G) In 
vivo leukocyte (CD45+) recruitment (air pouch) to CXCL4.
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B, F and G are mean with 95% confidence intervals and represent at least two separate 

experiments where data have been pooled. D and E are representative of at least two 

separate experiments. Each dot in B and F represents a technical replicate and each dot in 

G represents an individual mouse. F and G are normalised to vehicle controls. Individual p 

values are shown, B analysed using an unpaired t-test, F and G analysed using a one-way 

ANOVA with a post-hoc Tukey analysis.
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Figure 4. CXCL4 oligomerisation drives leukocyte recruitment.
(A) AUC analysis of CXCL4 and the mutant K50E to show sedimentation coefficients 

(indicative of size). (B) Schematic of oligomerisation states of CXCL4 or the CXCL4 K50E 

mutant. (C) BLI analysis of CXCL4 K50E binding to immobilised heparin dp8. (D) In 
vivo leukocyte (CD45+) recruitment (air pouch) to CXCL4 K50E mutant. (E) Schematic of 

RTO antibody binding to CXCL4 monomer to inhibit oligomerisation. (F) CXCL4 (50 nM) 

binding to dp8 was monitored in the absence and presence (at a range of concentrations) 

of RTO antibody. (G) Final CXCL4:dp8 signal (after washing) from (F) is plotted with 

and without pre-incubation with RTO antibody (25 nM). (H) Schematic of FRAP assay to 
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analyse HS cross-linking. (I) FRAP analysis of GAG in-plane mobility with CXCL4 alone 

or in combination with the RTO antibody, images post bleaching at indicated times. (J) 

Fluorescence recovery over time. (K) CXCL4 mediated leukocyte recruitment (CD45+) with 

and without RTO antibody.

D, G, J and K are mean with 95% confidence intervals and represent at least two separate 

experiments where data have been pooled. Each dot in D and K represents an individual 

mouse and each dot in G represents a technical replicate. A, C, F, I and J are representative 

of at least two separate experiments. Data in D and K are normalised to vehicle controls. 

Individual p values are shown, G analysed using an unpaired t-test and K analysed using a 

one-way ANOVA with a post-hoc Tukey analysis.
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Figure 5. GAG sulphation mediates chemokine interaction selectivity and cellular localisation.
(A) Overview of enzymes involved in the biosynthesis of HS and CS GAGs. Elongation 

proceeds from right to left, a tetrasaccharide linker is elongated with either HS or CS 

disaccharide repeats into long linear polysaccharides. HS is further modified by addition of 

sulphate groups at the N-, 2-O, 6-O or 3-O (rarely) positions, this process is catalysed by 

the indicated sulphotransferases. (B) Chemokine binding to WT CHO cells or CHO cells 

with no GAGs (KO B4galt7), no CS (KO Csgalnact1/2/Chsy1) or no HS (KO Extl3). (C) 

Heat map analysis of chemokine binding to CHO cells with KO/KI of sulfotransferases 

acting on HS, where data is normalised to WT cells. (D) Heatmap analysis of maximum 
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BLI signal of chemokine (500 nM) binding to differentially de-sulphated heparin fragments, 

data normalised to binding on fully-sulphated heparin. (E) Raw signal of chemokine binding 

to 2-O de-sulphated heparin in the BLI assay. Chemokine mediated in vivo leukocyte 

recruitment with and without 2-O de-sulphated heparin (F) CD45+ cell counts (CXCL4) or 

(G) monocyte (Ly6C+) cell counts (CCL2).

B, E, F and G are mean with 95% confidence intervals and represent at least two separate 

experiments where data have been pooled; each dot in B and E represents a technical 

replicate and each dot in F and G represents an individual mouse. Data in F and G are 

normalised to vehicle controls. Individual p values are shown, E analysed using an unpaired 

t test. F and G analysed using a one-way ANOVA with a post-hoc Tukey analysis.

Gray et al. Page 32

Cell Rep. Author manuscript; available in PMC 2024 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. CXCL4 binds to endothelial GAG sugars, resulting in an increase of vascular 
permeability and non-specific leukocyte recruitment.
(A) Classical chemokines, e.g. CCL2, facilitate leukocyte recruitment by binding to seven 

transmembrane receptors on circulating leukocytes leading to signalling, integrin activation 

and firm adhesion of the leukocyte to the endothelium. (B) We propose that CXCL4 binds 

and re-models (as a tetramer) endothelial GAG sugars within the glycocalyx. This produces 

increased vascular permeability and leukocyte adhesion to endothelial cells possibly via 

signalling through the proteoglycan, facilitating “non-specific” recruitment of a range of 

different leukocytes from the vasculature and into inflamed tissues.
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