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Abbreviations 15	

AnV, annexin V; ApoBD, apoptotic bodies; BLI, biolayer interferometry; CL, cardiolipin; 16	

DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE, 1,2-dioleoyl-sn-glycero-3-17	

phosphoethanolamine; DOPEbiot, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap 18	

biotinyl); DOPS, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine; DSPE-PEGbiot, 1,2-distearoyl-sn-19	

glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000]; ELISA, enzyme-linked 20	

immunosorbent assay; FACS, fluorescent-activated cell sorting; GAGs, glycosaminoglycans; 21	

GPCR, G protein-coupled receptor; i.p., intraperitoneal; KD, binding affinity constant; MFG-E8, 22	

milk fat globule epidermal growth factor 8; MVs, microvesicles; oxLDL, oxidized low density 23	

lipoproteins; PI, propidium iodide; PS, phosphatidylserine; SN, supernatant; t1/2, half life; UV, 24	

ultraviolet.  25	
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Abstract 26	

Chemokines are positively charged cytokines that attract leukocytes by binding to anionic 27	

glycosaminoglycans (GAGs) on endothelial cells for efficient presentation to leukocyte G 28	

protein-coupled receptors (GPCRs). The atypical chemokine CXCL16 has been reported to also 29	

bind the anionic phospholipid phosphatidylserine (PS), but the biological relevance of this 30	

interaction remains poorly understood. Here we demonstrate that PS binding is in fact a widely 31	

shared property of chemokine superfamily members that, like GAG binding, induces chemokine 32	

oligomerization. PS is an essential phospholipid of the inner leaflet of the healthy cell plasma 33	

membrane but it is exposed in apoptotic cells to act as an ‘eat-me’ signal that promotes 34	

engulfment of dying cells by phagocytes. We found that chemokines can bind PS in pure form as 35	

well as in the context of liposomes and on the surface of apoptotic cells and extracellular vesicles 36	

released by apoptotic cells, which are known to act as ‘find-me’ signals that chemoattract 37	

phagocytes during apoptotic cell clearance. Importantly, we show that GAGs are severely 38	

depleted from the surface of apoptotic cells and that extracellular vesicles extracted from 39	

apoptotic mouse thymus bind endogenous thymic chemokines and activate cognate chemokine 40	

receptors. Together these results indicate that chemokines tethered to surface-exposed PS may be 41	

responsible for the chemotactic and find-me signal activity previously attributed to extracellular 42	

vesicles, and that PS may substitute for GAGs as the anionic scaffold that regulates chemokine 43	

oligomerization and presentation to GPCRs on the GAG-deficient membranes of apoptotic cells 44	

and extracellular vesicles. Here, we present a new mechanism by which extracellular vesicles, 45	

currently recognized as essential agents for intercellular communication in homeostasis and 46	

disease, can transport signaling cytokines.  47	

  48	
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Introduction 49	

Chemokines comprise a large family of small (8-12 kDa) cytokines that direct leukocyte 50	

migration during homeostasis, development, and disease [1]. There are four chemokine 51	

subfamilies (C, CC, CXC and CX3C) distinguished and named by the number and arrangement 52	

of conserved cysteines near the N terminus [2]. In the classic multistep model of leukocyte 53	

transendothelial migration, chemokines act by binding sequentially to two main classes of 54	

molecules: glycosaminoglycans (GAGs) on endothelial cells and 7-transmembrane domain G 55	

protein-coupled receptors (GPCRs) on leukocytes [3]. GAGs act as extracellular scaffolds that 56	

concentrate chemokines on the luminal surface of post-capillary venules, positioning them to 57	

attract circulating leukocytes by activating specific leukocyte GPCRs [4].  58	

 59	

GAGs contain highly anionic sulfated polysaccharides and are thought to protect chemokines 60	

from proteases and shear forces in blood vessels [5]. Of note, GAG-binding can induce the 61	

formation of high order chemokine oligomers, and chemokine oligomers have a higher GAG 62	

binding affinity than chemokine monomers [6]. Thus, GAG-binding and oligomerization may be 63	

mutually reinforcing processes that promote formation of haptotactic gradients and presentation 64	

of chemokines to leukocytes. Several other types of molecules also bind chemokines; however, 65	

the functional significance is not well-defined, and the interactions tend not to be shared in a class 66	

sense within or across chemokine subfamilies. A particularly interesting example is CXCL16, 67	

which binds the GPCR CXCR6 as well as phosphatidylserine (PS) and oxidized LDL (oxLDL) 68	

[7–9]. The latter activities suggested that CXCL16 might function as a scavenger receptor, 69	

particularly since it is a multimodular protein containing a transmembrane domain, one of only 70	

two chemokines with this type of structure [10]. In fact, CXCL16 was originally named SR-71	

PSOX or ‘scavenger receptor for PS and oxLDL’ [11]. While the role of the CXCL16-oxLDL 72	

interaction in atherosclerosis has been extensively studied [12–14], the biological relevance of PS 73	
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as a ligand for CXCL16 remains poorly understood. Moreover, although oxLDL has been shown 74	

to bind other chemokines [15], to date, CXCL16 is the only reported PS-binding chemokine.  75	

 76	

PS is an anionic phospholipid that is normally concealed within the inner leaflet of the plasma 77	

membrane of living cells [16]. As cells undergo apoptosis, PS relocates to the outer leaflet of the 78	

plasma membrane where it serves as a marker of apoptotic cell death and as an ‘eat-me’ signal 79	

promoting recognition and engulfment of apoptotic cells by phagocytes [17–19]. Conversely, 80	

chemotactic ‘find-me’ signals, including the chemokine CX3CL1, the nucleotides ATP and UTP, 81	

lysophosphatidylcholine, and sphingosine 1-phosphate, guide phagocytes toward apoptotic cells 82	

[20–24]. In addition, apoptotic blebs can be shed as PS-containing extracellular vesicles able to 83	

recruit phagocytes [25–27]. Cellular receptors for the four classical find-me signals have been 84	

identified but how apoptotic blebs can exert their chemotactic action remains unknown. Since 85	

most chemokines are highly basic proteins, we hypothesized that anionic phospholipid binding 86	

may be a more general property of chemokines.  In particular, we considered that chemokines 87	

may multitask as apoptotic cell clearance factors tethered to anionic PS on dead cells and 88	

apoptotic blebs, just as they are tethered to anionic GAGs on living cells, in both cases to recruit 89	

leukocytes via GPCRs.   90	

 91	

Results 92	

Many human chemokines bind anionic phospholipids including phosphatidylserine 93	

We first conducted a simple screen for chemokine binding to phospholipids using arrays of 15 94	

different phospholipids that are found in biological membranes (left panel in Fig 1A).  Of the 10 95	

human chemokines tested, CCL3, CXCL6, CCL5 and CXCL8 displayed very weak or no binding 96	

capacity to the array, whereas the other 6 chemokines bound selectively to multiple anionic 97	

phospholipids (Fig 1A). The binding pattern was similar for CCL11, CCL21, CXCL9 and 98	
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CXCL11, with strong binding to PS and cardiolipin (CL), and weaker interaction with the other 99	

anionic phospholipids on the array (Fig 1A). CXCL3 also bound to PS and CL, however, its 100	

strongest binding was to sulfatide. CCL20 appeared to be CL-selective (Fig 1A). The preference 101	

of all 6 of these chemokines for PS and CL over the more highly anionic phosphoinositides 102	

suggests some degree of specificity and that these interactions are not solely driven by charge.  103	

Fig 1. Chemokines bind to anionic phospholipids.  104	
The phospholipid-binding activity of chemokines was studied by protein-lipid overlay (A), 105	
ELISA (B-D), and BLI (E, F). A) Arrays spotted with 15 different phospholipids (left panel, in 106	
parenthesis, net charge of each phospholipid) were incubated with buffer or 0.1 µg/ml of the 107	
indicated chemokines. Bound chemokine was detected with specific antibodies. Results are 108	
representative of 2-3 experiments for each chemokine. B) Human chemokines indicated on the x-109	
axis were incubated at 1 µg/ml in wells containing immobilized DOPS liposomes. Bound 110	
chemokine was detected with specific antibodies for each chemokine. Data are presented as mean 111	
± SD of triplicates in one experiment representative of 2 independent experiments. C) Increasing 112	
concentrations of CCL3, CCL21 or CXCL9 were incubated in wells containing immobilized 113	
DOPC (left panel) or DOPS (right panel) liposomes. Bound chemokine was detected as in B. 114	
Data are presented as mean ± SD of triplicates from one experiment representative of 3 115	
independent experiments. D) Increasing concentrations of the soluble phospholipids indicated in 116	
the inset of the right panel were preincubated with 0.5 µg/ml of CCL21 or CXCL9. The 117	
chemokine-lipid mix was then added into wells containing immobilized DOPS liposomes, and 118	
liposome-bound chemokine was detected by specific antibodies. Data are presented as mean ± SD 119	
of triplicates in one experiment representative of 3 independent experiments. E) Chemokine-PS 120	
binding screen by BLI. Biosensors immobilized with DOPS liposomes were incubated with 1 µM 121	
of the indicated human CC (left panel) and CXC (right panel) chemokines color-coded on the 122	
right side of each curve. The binding response in nm (y-axis) over time (x-axis) for each 123	
chemokine is shown. The binding of each chemokine to biosensors coated with DOPC liposomes 124	
was used as reference and subtracted from the corresponding binding curve. Black arrowheads 125	
point to the beginning of the dissociation phase. F) Kinetic analysis. Selected chemokines were 126	
incubated at the indicated concentrations with biosensors coated with DOPS liposomes. Binding 127	
of each chemokine concentration to DOPC biosensors was subtracted. Curves were globally fitted 128	
to a 1:1 Langmuir model and the association (kon), dissociation (koff) and affinity (KD) constants 129	
were calculated. The half-life (t1/2) for each interaction was calculated as t1/2=ln(2)/koff.  130	
 131	

Since CL is not found in the plasma membrane of mammalian cells, we focused on the 132	

chemokine-PS interaction. To confirm that chemokines can interact with PS in the context of a 133	

phospholipid bilayer, we studied by ELISA chemokine binding to PS-containing liposomes. For 134	

this, we immobilized DOPC liposomes (containing phosphatidylcholine [PC] only) or DOPS 135	

liposomes (containing 30% PS) containing trace amounts of biotinylated DOPE (DOPEbiot) onto 136	

streptavidin-coated plates. See ‘Materials and Methods’ for the exact composition of these 137	
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liposomes and definition of phospholipid acronyms. Consistent with the results in Fig 1A, 138	

CCL11, CXCL11, CCL21 and CXCL9, but not CCL3, CCL5, CXCL6 and CXCL8 bound to 139	

DOPS liposomes to some extent (Fig 1B). Of note, since different primary antibodies were used 140	

to detect each chemokine, direct quantitative comparisons cannot be made from this ELISA-141	

based lipid-binding experiment. Importantly, CXCL9 and CCL21, but not CCL3, bound to DOPS 142	

but not to DOPC liposomes in a dose-dependent manner (Fig 1C), and increasing concentrations 143	

of soluble DOPS (IC50 ≈ 1 µM) but not DOPC blocked their binding to DOPS liposome-coated 144	

plates (Fig 1D). These results confirmed the PS-specificity of these chemokines. On the other 145	

hand, as shown in Fig 1B, CXCL3 was not able to recognize PS in liposomes, and CCL20, which 146	

appeared to be CL-specific by lipid array (Fig 1A), displayed a strong binding to DOPS 147	

liposomes by ELISA. Besides the different disposition of the lipids (spotted purified lipids vs 148	

liposomes), differences in the experimental conditions may account for these few discrepancies 149	

between lipid array- and ELISA-based binding experiments. Also, unexpectedly, we did not 150	

detect binding of CXCL16 to DOPS liposomes by ELISA (Fig 1B).  151	

 152	

To directly and reliably compare the PS-binding activity of different chemokines without the 153	

need of exogenous protein tags or detection antibodies, we next analyzed chemokine-PS binding 154	

by biolayer interferometry (BLI).  To validate BLI as a method to study liposome-protein 155	

interactions, we first analyzed binding of milk fat globule-epidermal growth factor 8 (MFG-E8 or 156	

lactadherin), a well-known PS-binding protein [28]. As shown in S1 Fig, MFG-E8 bound to 157	

biosensors immobilized with DOPS liposomes, but not with DOPC liposomes. Using this 158	

technique, we analyzed PS-binding for 21 human chemokines (S1 Table). As shown in Fig 1E 159	

and S1 Table, CXCL16 but also many other chemokines from the CC and CXC subfamilies, 160	

including CXCL3, whose binding was not detectable by ELISA (Fig 1B), bound to PS-containing 161	

liposomes. Consistent with the ELISA and phospholipid array results, CCL3 and CXCL8 did not 162	

interact with DOPS liposomes by BLI, but CXCL6, which lacked PS binding activity in previous 163	
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experiments, strongly bound DOPS liposomes by BLI (Fig 1E). Besides the numerous differences 164	

in the experimental conditions, the few discrepancies observed between BLI and the antibody-165	

based binding assays might be due to the inability of certain anti-chemokine antibodies to detect 166	

their target chemokine complexed with lipid.  To test this hypothesis we analyzed by BLI the 167	

binding of CCL21 and CXCL9, which consistently bound to PS in all experimental settings, and 168	

of CXCL6 and CXCL3, which only bound DOPS liposomes by BLI, to their corresponding 169	

detection antibodies in the presence of DOPS liposomes. In BLI experiments, at the same 170	

concentration, large analytes (chemokine-liposome complex) are expected to cause larger binding 171	

responses than small molecules (chemokine alone). As shown in S2 Fig, binding of CCL21 and 172	

CXCL9 to BLI biosensors immobilized with the appropriate anti-chemokine antibody was 173	

increased in the presence of DOPS liposomes but not DOPC liposomes. In contrast, this signal 174	

increase was not observed for CXCL6 and CXCL3 (S2 Fig), suggesting that the corresponding 175	

antibodies are unable to detect these chemokines in a complex with liposomes. This may explain 176	

why the PS-binding of CXCL6 and CXCL3 was not detectable by ELISA. Also, importantly, the 177	

interaction of most chemokines with PS appeared to be very stable, as indicated by a slow 178	

dissociation phase (Fig 1E). We determined the kinetic parameters for 4 selected chemokines and 179	

obtained binding affinity constants (KD) ranging from 4-45 nM and half-life (t1/2) values between 180	

10 and 100 min (Fig 1F). This binding affinity is near the range of the affinity of the MFG-E8-PS 181	

interaction (KD = 3.3 nM) [29]. These binding and kinetic analyses were performed with 182	

liposomes containing 30% PS but we found that the PS detection limit of CCL20, CCL19 and 183	

CXCL11 was in the 5-10% range (S3 Fig). Taken together, these results demonstrate that 184	

CXCL16 is not exceptional since PS is a ligand for many human chemokines.  185	

 186	

Anionic phospholipids induce chemokine oligomerization 187	

Chemokines bound to cell surface GAGs oligomerize and form haptotactic gradients. We tested 188	

whether PS or other phospholipids were also capable of inducing chemokine oligomerization. 189	
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Using cross-linking assays we found that, consistent with their lipid-binding specificity, CCL11, 190	

CXCL11, CXCL9 and CCL21 oligomerized in the presence of either PS or CL, but not in the 191	

presence of phosphatidylethanolamine (PE) or PC (Fig 2). In contrast, the oligomeric state of 192	

CCL3, which does not interact with any of these phospholipids, was unaltered by PS and CL (Fig 193	

2). These results further confirmed the interaction of chemokines with anionic phospholipids and 194	

support PS as a new potential substrate for the formation of chemokine oligomers and haptotactic 195	

gradients.  196	

Fig 2. Anionic phospholipids induce oligomerization of phosphatidylserine-binding 197	
chemokines.  198	
The chemokines (50 ng) indicated above each panel were incubated in the absence or presence of 199	
the phospholipids (1:8, chemokine:lipid molar ratio) indicated above each lane (-, no lipid; PC, 200	
phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; CL, cardiolipin) 201	
with the crosslinker BS3. Samples were analyzed by SDS-PAGE and immunoblot using specific 202	
anti-chemokine antibodies. Molecular weight markers are shown in kDa on the left of each panel.  203	
Data are representative of 2 independent experiments for each chemokine. 204	
 205	

Chemokine binding to phosphatidylserine does not interfere with chemotactic activity 206	

Next, we investigated whether chemokine binding to DOPS liposomes affects chemokine 207	

bioactivity. For this, we evaluated two PS-binding chemokines, CCL20 and CCL21, and included 208	

the non-binder CCL3 as a negative control.  Each chemokine was tested for its ability to 209	

chemoattract L1.2 mouse B cell lymphoma cells expressing the cognate mouse receptors Ccr6, 210	

Ccr7 and Ccr1, respectively, in the presence of increasing doses of DOPS or DOPC liposomes. 211	

As shown in the left column of Fig 3A, 1 nM CCL20, CCL21 and CCL3 induced potent 212	

chemotactic responses that remained unaltered even in the presence of a 105-fold molar excess of 213	

DOPS liposomes. As expected, DOPC liposomes did not inhibit any of these chemokines (Fig 214	

3A). In order to confirm that the chemokines bound to the liposomes under these experimental 215	

conditions, the presence of liposome-bound chemokine was analyzed by ELISA. Using the 216	

DOPEbiot introduced in our liposomes, a small aliquot of each chemokine-liposome mix 217	

prepared for the chemotaxis assays was immobilized on streptavidin-coated plates. Consistent 218	

with their PS-binding activity, CCL20 and CCL21 but not CCL3 were detected only when mixed 219	
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with DOPS-liposomes (right column in Fig 3A). These findings indicate that high doses of PS do 220	

not impair the activity of PS-binding chemokines, but they do not directly prove whether or not a 221	

chemokine-liposome complex can activate the receptor. To address this question, we analyzed the 222	

chemotactic activity of CCL20 alone or mixed with DOPS or DOPC liposomes after pull-down 223	

with Strep-Tactin (streptavidin analog)-coated beads. As shown in panel A of  S4 Fig, pull-down 224	

with Strep-Tactin-beads markedly reduced the levels of CCL20-DOPS complexes in solution, 225	

which resulted in at least a 40% reduction of cell migration compared to pull-down supernatants 226	

from samples containing CCL20 alone or CCL20 + DOPC liposomes (panel B in S4 Fig). In 227	

contrast, pull-down did not affect migration induced by the non-PS-binding chemokine CCL3 in 228	

the presence of DOPS liposomes (panel B in S4 Fig). These results suggest that the CCL20-229	

DOPS complex contributes to the overall cell migration observed in Fig 3A, and therefore, at 230	

least in the case of CCL20, PS-binding appears to be compatible with the chemotactic activity of 231	

the chemokine. This observation contrasts with the inhibitory effect reported for soluble GAGs on 232	

several chemokines and the favored notion that while GAGs present chemokines on endothelial 233	

cells, they may need to be released to act at leukocyte GPCRs [30,31]. In fact, we found that 234	

while a 104-fold molar excess of DOPS or DOPC liposomes did not alter the chemotactic potency 235	

or the efficiency of CCL3, CCL20 and CCL21, a 103-fold molar excess of soluble heparin 236	

sufficed to nearly neutralize CCL20 and CCL21 (Fig 3B). Conversely, heparin did not block 237	

CCL3 (Fig 3B), probably due to the known low binding affinity of this chemokine for GAGs 238	

[6,32]. Thus, PS-binding chemokines engage PS by a molecular mechanism that, unlike GAG 239	

engagement, permits binding of the chemokine to cellular receptors.  240	

 241	

Fig 3. Chemokine interaction with liposomal phosphatidylserine does not affect chemotactic 242	
activity. 243	
A) Left column, DOPS liposomes do not impair chemokine chemotactic activity. The indicated 244	
chemokines (1 nM) were preincubated for 30 min at room temperature with the indicated molar 245	
excess (x axis) of DOPS (magenta) or DOPC (gray) liposomes. Then, chemotactic activity of the 246	
mixture was tested using L1.2 reporter cells stably expressing the mouse receptors Ccr1 (for 247	
CCL3), Ccr6 (for CCL20) and Ccr7 (for CCL21). Bars correspond to the total number of 248	
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migrated cells after 3-4 h at 37°C for each chemokine:lipid mix or buffer alone (0:0). Right 249	
column, CCL20 and CCL21 but not CCL3, bind to DOPS liposomes in the experimental 250	
conditions used for the chemotaxis assays. Detection of liposome-bound chemokine by ELISA. 251	
50 µl of the 1:104 molar ratio mix of each chemokine (as indicated on the left side of each row) 252	
with DOPS liposomes or DOPC liposomes (as indicated in the inset of the top graph) were 253	
incubated in streptavidin-coated wells. After washing, liposome-bound chemokine was detected 254	
by specific antibodies. All data are presented as mean ± SD of triplicates from one experiment 255	
representative of 3 independent experiments. B) Anionic GAGs but not PS-containing liposomes 256	
inhibit the chemotactic activity of CCL20 and CCL21. Increasing concentrations (0.1 to 100 nM) 257	
of CCL3, CCL20 and CCL21 (as indicated on the left side of each row) were preincubated for 30 258	
min at room temperature with buffer alone (black), or a 104-fold molar excess of DOPC 259	
liposomes (gray) or DOPS liposomes (magenta), or a 103-fold molar excess of heparin (blue), as 260	
indicated in the inset of the bottom graph. Chemotactic activity for each condition is presented as 261	
the mean ± SD number of migrated cells of triplicates from one experiment representative of 2-3 262	
independent experiments. 263	
 264	

Phosphatidylserine-binding chemokines interact with the surface of apoptotic cells and 265	

apoptotic blebs 266	

Since PS is normally located on the inner leaflet of the plasma membrane of living cells but flips 267	

to the outer leaflet of the plasma membrane of cells undergoing apoptosis [16], apoptotic cell 268	

death is an obvious biological process in which PS-binding by chemokines may occur and be 269	

functionally relevant. This property of PS is exploited for detection of apoptotic cells by staining 270	

with the PS-binding protein annexin V (AnV) [33]. Similarly, apoptotic blebs released by dying 271	

cells also expose PS on their surface [34]. Therefore, we studied whether chemokines can interact 272	

with the surface of apoptotic blebs, apoptotic CHO cells and apoptotic mouse primary 273	

thymocytes.  274	

 275	

In order to obviate background interference by cell surface GAGs, we initially used GAG-276	

deficient CHO-745 cells rendered apoptotic by ultraviolet (UV) light irradiation. After treatment, 277	

two distinct cell populations were observed by fluorescence-activated cell sorting (FACS), FSC 278	

high (FSChi) and low (FSClo), with the percentage of FSClo cells being markedly increased after 279	

exposure to UV light (Mock FSClo, 10.3%; UV FSClo, 34.7%) (Fig 4A). In addition, a high 280	

percentage (19.8%) of small SSC low (SSClo) events, most likely corresponding to apoptotic 281	
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blebs, was detected in UV-treated CHO-745 cells (Fig 4A). We found that most FSClo events 282	

were AnV+ and propidium iodide+ (PI+) (late apoptotic), whereas FSChi cells were AnV- PI- (non-283	

apoptotic, or live) (Fig 4A). Therefore, for subsequent chemokine binding experiments, we relied 284	

on this FSC profile to distinguish live and late apoptotic cells without the need of AnV staining, 285	

which might interfere with chemokine binding to cell surface-exposed PS. We analyzed the 286	

binding of 4 biotinylated proteins, AnV as positive control, CCL3 as negative control and two 287	

PS-binding chemokines, CCL11 and CXCL11, to 3 sources of target membranes: FSClo late 288	

apoptotic cells, FSChi live cells and SSClo apoptotic blebs. As shown in Fig 4B, the PS-binding 289	

proteins, AnV, CCL11 and CXCL11, but not CCL3, displayed a ³2-log stronger binding to FSClo 290	

cells than to FSChi cells from either mock- or UV-treated cells. Of note, like AnV, CCL11 and 291	

CXCL11 similarly bound Mock-FSClo and UV-FSClo cells, indicating that dying cells 292	

spontaneously generated in the mock sample and those induced by UV irradiation were 293	

equivalent regarding their PS exposure in the plasma membrane. Furthermore, we observed that 294	

CCL11, CXCL11 and AnV, but not CCL3, bound to the surface of PIlo apoptotic blebs (Fig 4C). 295	

Therefore, we concluded that PS-binding chemokines interact with the surface of late apoptotic 296	

cells and apoptotic blebs. In addition to these commercial synthetic non-glycosylated 297	

chemokines, we confirmed that glycosylated CCL21 and CXCL9 produced in Expi293F cells 298	

also bound to PS-containing liposomes and apoptotic CHO-745 cells (S5 Fig). To rule out the 299	

possibility that the cognate cellular receptors of CCL11, CXCL9, CXCL11 and CCL21 could be 300	

mediating their binding to apoptotic cells, we analyzed the expression of CCR3 (receptor for 301	

CCL11), CXCR3 (receptor for CXCL9 and CXCL11) and CCR7 (receptor for CCL21) in CHO-302	

745 cells. As shown in panel A of S6 Fig, no significant expression of these receptors was 303	

detected in either mock-treated or AnV- and AnV+ populations in UV-irradiated cells. Thus, PS-304	

binding chemokines interact with apoptotic cells and blebs in a GAG- and chemokine receptor-305	

independent manner.  306	

 307	
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Fig 4. Phosphatidylserine-binding chemokines bind to the surface of apoptotic cells and 308	
apoptotic blebs.  309	
(A-C) GAG-deficient CHO-745 cells. (D-F) Mouse thymocytes. A) FACS analysis and gating of 310	
mock- and UV-irradiated CHO-745 cells. In the left column, FSC-SSC dot plots. Gates for FSClo, 311	
FSChi and SSClo populations are shown in orange, blue, and black, respectively. In the right 312	
column, dot plots for annexin V (AnV) and propidium iodide (PI) staining of FSClo and FSChi 313	
populations appropriately colored. B and C) binding histograms of the indicated biotinylated 314	
proteins to FSClo (blue) and FSChi (orange) cells from mock and UV-irradiated cells in B, or to 315	
SSClo events (magenta) in C. In C, left graph, PI-FSC dot plot showing the gate of PIlo events 316	
included in the binding analysis in the right column. Protein binding was detected with 317	
streptavidin-APC (x axis). D) PI-YO-PRO (left column) and PI-AnV (right column) dot plots of 318	
freshly isolated mouse thymocytes (untreated) or incubated ex vivo with 1 µM dexamethasone 319	
(Dex). In the left column, gates for YO-PRO-PI- (blue, live cells) and YO-PRO+PI- (orange, 320	
apoptotic cells) cells are shown, and their AnV-PI profile is represented in the right column with 321	
events color-coded. Numbers above each gate indicate % of total events. E) Quantification of the 322	
median fluorescence intensity (MFI) of the binding of the indicated biotinylated chemokines to 323	
live cells (YO-PRO-PI-, blue) or early apoptotic cells (YO-PRO+PI-, orange) from Dex-treated 324	
mouse thymocytes in the absence or presence of unlabeled AnV as indicated on the x-axis. Bars 325	
represent mean ± SD of duplicates from one experiment representative of 3 independent 326	
experiments. p values from multiple t tests with Holm-Sidak correction for multiple comparisons 327	
are indicated. F) Binding histograms of CCL3 (solid dark gray), or CXCL11 and AnV (as 328	
indicated on the right side of each graph row) in the presence of buffer (solid light gray) or 329	
unlabeled AnV (open magenta) and MFG-E8 (open blue), as indicated in the legend, to live (YO-330	
PRO-PI-) or early apoptotic cells (YO-PRO+PI-) as indicated above each graph column. In E and 331	
F, binding of biotinylated proteins was detected with streptavidin-APC. 332	
 333	

UV irradiation of CHO-745 cells failed to produce AnV+ PI- cells, a population typically termed 334	

“early apoptotic cells” [35]. To study the binding of chemokines to early apoptotic cells while at 335	

the same time expanding our analysis to primary cells, we induced apoptosis in mouse 336	

thymocytes by ex vivo treatment with dexamethasone, a well characterized model of apoptosis in 337	

primary lymphocytes [36]. To distinguish live from apoptotic cells without using AnV, which 338	

might interfere with chemokine binding to PS, we used YO-PRO, which selectively permeates 339	

apoptotic cells in a PS-independent manner [37]. As shown in Fig 4D, 4h after dexamethasone 340	

treatment, YO-PRO and AnV detected similar levels of early apoptotic thymocytes (53.5 and 341	

50.4%, respectively). Then, we studied the binding of CCL3 (negative control) and 4 PS-binding 342	

chemokines, CCL2, CCL11, CXCL11 and CCL20, to live (YO-PRO- PI-) and early apoptotic 343	

(YO-PRO+ PI-) thymocytes. CCL2, CCL11, CXCL11 and CCL20, but not CCL3, bound to both 344	

live and apoptotic cells (Fig 4E). Importantly, in the presence of unlabeled AnV, the binding of 345	

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 27, 2020. ; https://doi.org/10.1101/2020.08.26.269100doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.26.269100


	 14	

these chemokines to apoptotic cells was reduced by at least 50% whereas AnV inhibition of 346	

chemokine binding to live cells was trivial (Fig 4E). In particular, CXCL11 binding to apoptotic 347	

cells was nearly completely abrogated not only by AnV but also by MFG-E8 (Fig 4E and 4F). 348	

Also, as expected, unlabeled AnV and MFG-E8 highly reduced the binding of biotinylated AnV 349	

to apoptotic cells (Fig 4F). In contrast, these two PS-binding proteins did not affect the interaction 350	

of CXCL11 with live cells (Fig 4E and 4F). This demonstrates that CXCL11 binding to apoptotic 351	

cells but not to live cells is PS-mediated. Unlike CHO-745 cells, thymocytes may contain surface 352	

GAGs that may contribute to the chemokine binding to the cell surface. By analyzing cell binding 353	

activity for the strong GAG-binding protein B18 from poxvirus [38], we confirmed the presence 354	

of GAGs in live (AnV- PI-) thymocytes (Panel A in S7 Fig). However, interestingly, B18 binding 355	

was massively downregulated on apoptotic thymocytes (AnV+ PI-) (Panel A in S7 Fig ). 356	

Consistent with this, we found that B18 binding to UV-irradiated GAG-competent CHO-K1 cells 357	

was markedly reduced even when these cells were still negative for AnV staining (Panel B in S7 358	

Fig). These observations indicate that while cell surface GAGs could mediate chemokine binding 359	

to live cells, they are not involved in the binding to at least these two types of apoptotic cells. 360	

Like GAGs, cellular chemokine receptors might also mediate chemokine binding to the surface of 361	

thymocytes. We found low expression levels of Ccr2 and Ccr6 (receptors for CCL2 and CCL20, 362	

respectively) but high expression of Ccr3 (receptor for CCL11) on apoptotic (AnV+) thymocytes 363	

but not on live (AnV-) thymocytes (Panel B in S6 Fig). In contrast, apoptotic thymocytes did not 364	

express Cxcr3, the receptor for CXCL11 (Panel B in S6 Fig). This may explain why AnV 365	

neutralized CXCL11 binding to apoptotic cells, yet only partially blocked CCL2, CCL20 and 366	

CCL11 binding. In summary, we conclude that PS-binding chemokines can bind to early 367	

apoptotic cells by a mechanism involving surface-exposed PS.  368	

 369	

Active endogenous phosphatidylserine-binding chemokines are transported on the surface 370	

of extracellular vesicles from apoptotic mouse thymus 371	
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We have demonstrated that many exogenous recombinant human chemokines are able to bind PS 372	

presented in pure form or on liposomes or on the surface of apoptotic blebs and apoptotic cell 373	

lines and primary cells. Next, we analyzed whether this interaction occurs in vivo with 374	

endogenous chemokines by inducing apoptosis and the production of apoptotic blebs in the 375	

thymus of C57BL/6j mice by i.p. injection of dexamethasone.  376	

 377	

Although we did not detect a high number or frequency of apoptotic thymocytes in 378	

dexamethasone-treated mice, possibly due to rapid elimination by phagocytes, the high number of 379	

apoptotic blebs observed in these mice provided evidence for the efficacy of the treatment (Panel 380	

A in S8 Fig). As expected, the apoptotic blebs exposed PS on their surface as indicated by AnV+ 381	

staining (Panel B in S8 Fig). Using antibody-based arrays, we identified 6 chemokines that were 382	

highly expressed or induced in thymus extracts 6 h and 18 h after dexamethasone treatment: 383	

Ccl21, Ccl6, Ccl12, Cxcl10, Ccl9/10 and Ccl5 (Fig 5A). Of these, only Ccl12, Ccl21 and Cxcl10 384	

bound to DOPS liposomes (Fig 5B). Therefore, these 3 chemokines were the main candidates to 385	

engage with PS on the surface of extracellular vesicles from mouse thymus. To test this, we first 386	

followed a previously reported protocol to isolate different apoptotic blebs [39,40]. According to 387	

their size, apoptotic blebs can be classified as apoptotic bodies (ApoBD, 1-5 µm) or apoptotic 388	

microvesicles (MVs, 0.1-1 µm) [41]. Using a series of centrifugation steps, we separated ApoBD 389	

and MVs from the final cleared supernatant (SN) of dexamethasone-treated thymus homogenates 390	

(Fig 5C). Next, we analyzed the presence of Ccl6, Ccl9/10, Ccl12, Ccl21 and Cxcl10 in the three 391	

fractions by Western blot. As shown in Fig 5D, regardless of their PS-binding activity, each 392	

chemokine was found to some extent in the ApoBD and MV fractions as well as in the final SN 393	

fraction. However, chemokines and cytokines might be transported on the surface or inside the 394	

vesicles [42]. Since suitable mouse chemokine antibodies were not available to probe vesicles by 395	

FACS, we turned to functional assays, reasoning that since liposomal PS binding did not interfere 396	

with chemokine bioactivity (Fig 3) then, apoptotic vesicle surface-bound but not encapsulated 397	
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chemokines should activate cognate GPCRs. As expected, an appropriate control agonist and SN 398	

fraction triggered calcium flux responses in L1.2 cell lines expressing Ccr1 (receptor for the non-399	

PS-binding Ccl6, Ccl9/10), Ccr2 (the receptor for Ccl12) and Cxcr3 (the receptor for Cxcl10). In 400	

contrast, when purified ApoBD and MV fractions, each containing the same chemokines as SN, 401	

were used as stimuli, calcium flux responses were induced only in Ccr2- and Cxcr3-expressing 402	

L1.2 cells, not in Ccr1-expressing cells (Fig 5E). Importantly, when the ApoBD fraction was 403	

filtered to remove apoptotic bodies, the Ccr2-mediated calcium response was nearly eliminated 404	

(Panel A in S9 Fig). Filtration of the SN fraction, however, did not affect activation of Ccr2-405	

expressing cells (Panel A in S9 Fig). Similarly, preincubation of the ApoBD fraction with a 406	

neutralizing anti-Ccl12 antibody, but not with an irrelevant control antibody, blunted the Ccr2-407	

mediated calcium flux signal (Panel B in S9 Fig). These results indicated that the apoptotic body-408	

Ccl12 complex is required for the activation by the ApoBD fraction of Ccr2, a chemokine 409	

receptor typically expressed in phagocytes. To assess Ccl21 activity in the fractions, since our 410	

Ccr7 reporter cell line responded poorly in calcium flux assays but well in chemotaxis assays to 411	

recombinant Ccl21, we turned to this latter type of assay. As expected, SN induced chemotaxis of 412	

both Ccr1- and Ccr7-expressing cells (Fig 5F).  However, only Ccr7-transfected cells migrated 413	

towards the ApoBD and MV fractions (Fig 5F). The reduced chemotactic activity observed with 414	

the ApoBD fraction compared to the MV fraction could be explained by the larger size of 415	

ApoBD, which may impede diffusion through the transwell filter and limit access to the reporter 416	

cells. These results indicate that active PS-binding chemokines are transported on the surface of 417	

apoptotic blebs. 418	

Fig 5. Endogenous phosphatidylserine-binding chemokines bound to apoptotic blebs in vivo 419	
activate cognate GPCRs.  420	
A) Endogenous chemokine expression in the thymus of dexamethasone (Dex)-treated mice. Top, 421	
anti-chemokine antibody array membranes were incubated with 200 µg of total protein of mouse 422	
thymus extracts collected 6 or 18 h after i.p. injection with PBS or Dex. The membranes are 423	
spotted in duplicate with capture antibodies for the chemokines indicated on the right side 424	
(position coordinates are indicated with lettered rows and numbered columns). Positions D2 425	
(Adipsin), D3 (gp130) and D4 (HSP60) correspond to loading controls. Bottom, mean ± SD of 426	
the mean pixel intensity for each chemokine. Black arrows point to highly expressed chemokines. 427	
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B) BLI analysis of the binding of mouse Ccl5, Ccl6, Ccl9/10, Ccl12, Cxcl10 and Ccl21 (500 nM) 428	
to DOPS liposomes. Final binding sensorgrams were generated after subtraction of the binding 429	
recorded on DOPC sensors used as reference. C) Schematic representation of the centrifugation 430	
steps followed to isolate apoptotic bodies (ApoBD), microvesicles (MV) and the final cleared 431	
supernatant (SN) from thymus homogenates of Dex-treated mice. D) Western blot analysis of 432	
Ccl6, Ccl9/10, Ccl12, Ccl21 and Cxcl10 in ApoBD, MV and SN fractions isolated from thymus 433	
18 h after i.p. injection of mice with PBS or dexamethasone. “Total” lane corresponds to the 434	
supernatant obtained right after pelleting the cells. E and F) Functional assays using ApoBD, MV 435	
and SN fractions isolated from mouse thymus 18 h after i.p. injection of dexamethasone. E) 436	
Calcium flux assays using L1.2 reporter cell lines expressing Ccr1, Ccr2 and Cxcr3 (as indicated 437	
in the inset of the “SN” panel). Panel “Agonist” shows the calcium flux response after addition of 438	
50 nM of a known ligand for each receptor (Ccl9/10 for Ccr1, Ccl12 for Ccr2, and Cxcl10 for 439	
Cxcr3). Calcium recordings correspond to the mean of duplicates from one experiment 440	
representative of 3 independent experiments. F) Chemotaxis assays using reporter cell lines 441	
expressing Ccr1 and Ccr7 (as indicated in the inset of the “ApoBD” panel) and increasing 442	
volumes (x axis) of the indicated fractions. Data are the mean ± SD of the number of migrated 443	
cells of triplicates from one experiment representative of 3 independent experiments. p values 444	
from multiple t tests corrected for multiple comparisons by the Holm-Sidak method are indicated 445	
for each volume data point.   446	
 447	

 448	

Discussion 449	

In this study, we identify a previously unappreciated and broadly shared capacity of chemokines 450	

to bind anionic phospholipids and provide proof of principle for PS-bound chemokine action as 451	

find-me signals during the elimination of apoptotic cells.  PS binding was chemokine-specific and 452	

high affinity, and was observed when PS was presented either in pure form, or in the context of 453	

liposomes and biological membranes from apoptotic cell lines, primary cells and extracellular 454	

vesicles derived from apoptotic primary cells.  Importantly, PS-bound chemokines retained their 455	

ability to activate cognate GPCRs on leukocytes. Although our study began with a chemokine 456	

phospholipid screen, we have focused our attention on the interaction of chemokines with PS.  457	

Future work will be needed to analyze the biochemistry and biological significance of chemokine 458	

binding to other anionic phospholipids.  459	

 460	

Since most chemokines are highly basic proteins, it is not surprising that they bind to highly 461	

anionic molecules like PS and GAGs. More surprising is the degree of specificity revealed by our 462	
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biochemical screen, which suggested that chemokine-PS interaction is not exclusively charge-463	

driven. First, we showed that basic chemokines such as CXCL8 (pI = 9.1), do not bind PS. 464	

Second, we found that most chemokines displayed a null/weak binding to phosphoinositides, 465	

which are more highly anionic phospholipids than PS. Furthermore, as demonstrated by BLI, 466	

many chemokine-PS interactions displayed a very slow dissociation rate, suggesting a 467	

contribution of hydrophobic or other stable bonds in the formation of the chemokine-PS complex. 468	

Importantly, not all GAG-binding chemokines were able to interact with PS. In particular, we 469	

showed that mouse and human CCL5, which are strong GAG-binders [32,43], do not bind PS. 470	

Furthermore, while soluble heparin neutralized CCL20 and CCL21, these chemokines remained 471	

fully active in the presence of very high doses of DOPS liposomes. Additionally, we showed that 472	

the elimination of CCL20-DOPS liposomes by pull-down reduced the overall chemotactic 473	

activity. These results suggest that the chemokine GAG- and PS-binding sites may require 474	

different molecular determinants and may map differently relative to the receptor-binding site. It 475	

is important to note that like GAGs, different chemokines may bind PS in different ways, and 476	

therefore, case-by-case and comprehensive analyses may be required to fully understand the 477	

structural basis of chemokine-PS interaction.  478	

 479	

In preliminary experiments, we found that thymocytes undergoing apoptosis in vivo switch 480	

chemokine tethering mechanisms, downregulating anionic GAGs from live cells and upregulating 481	

anionic PS on apoptotic cells, in both cases promoting presentation of chemokines to leukocyte 482	

GPCRs.  Additional work will be needed to assess how general this phenomenon may be.  GAGs 483	

act as substrates for the formation of haptotactic gradients promoting binding and oligomerization 484	

of chemokines on cell surfaces [5]. In fact, receptor-binding chemokine mutants unable to 485	

oligomerize or interact with GAGs are inactive in vivo [32]. Like GAGs, PS is mostly found on 486	

cell surfaces, and here we demonstrate that it can also induce chemokine oligomerization. 487	

Interestingly, we show that PS exposure is accompanied by a massive depletion of GAGs on the 488	
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surface of apoptotic thymocytes, which bind chemokines in an AnV- and MFG-E8-susceptible 489	

manner. These two PS-binding proteins, however, did not block chemokine binding to live GAG-490	

competent thymocytes, which lack PS exposure on the cell surface. We found that most of the 491	

chemokines tested, with the exception of CXCL11, displayed a stronger binding to live 492	

thymocytes than to apoptotic thymocytes. Therefore, we propose that whereas in the presence of 493	

GAGs chemokines might preferentially bind to GAGs over PS, PS may substitute for GAGs as a 494	

mediator of chemokine oligomerization and haptotactic gradients in tissues with high apoptotic 495	

rates. It is important to note that tumor cells and virally-infected cells also expose PS [44–47], 496	

therefore, chemokine modulation by PS may become more apparent in non-homeostatic 497	

conditions.  498	

 499	

Effective and rapid apoptotic cell clearance is essential for the proper maintenance of 500	

homeostasis. Phagocytes use chemotactic find-me signals and the surface PS eat-me signal to 501	

reach and recognize apoptotic cells, respectively [48]. Surprisingly, to date, chemokines, arguably 502	

the most potent chemoattractants of the immune system, are only represented by CX3CL1 in the 503	

list of reported find-me signals, which instead include highly atypical chemotactic cues such as 504	

apoptotic blebs. Several independent studies have reported that apoptotic bodies and 505	

microvesicles released by apoptotic cells can induce chemotaxis of phagocytes [25–27]. 506	

However, how these extracellular vesicles exert their chemotactic action had remained unknown. 507	

Here we show that while many chemokines can be found in apoptotic bodies and microvesicles, 508	

these apoptotic blebs only activate cognate GPCRs of PS-binding chemokines. These results 509	

support a simple explanation: Apoptotic blebs are chemotactic because they are coated with 510	

chemokines tethered to surface-exposed PS, and therefore, they can act as find-me signals thanks 511	

to their complex with PS-binding chemokines. Consistent with this, we demonstrate that binding 512	

to PS-containing liposomes does not affect the chemokine activity. We propose a mechanism by 513	

which, to reach the dying cell, phagocytes would follow a trail of extracellular vesicles presenting 514	
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chemokines on their surface (Fig 6). Apoptotic cells are known to produce macrophage-attracting 515	

chemokines [49], but chemokines could also be released by neighboring healthy cells. However, 516	

live cell-derived chemokines might be expressed at lower levels and might not attract phagocytes. 517	

In addition, GAGs might retain chemokines on the surface of live cells (Fig 6). In contrast, we 518	

show here that cells lose surface GAGs during apoptosis, and therefore, in the absence of GAGs, 519	

chemokines released by apoptotic cells would readily interact with PS on the surface of apoptotic 520	

cells and apoptotic blebs to establish a gradient of chemokine-presenting microvesicles able to 521	

guide phagocytes toward the dying cell (Fig 6). In addition, vesicle-bound phagocyte-recruiting 522	

and inflammatory chemokines could be rapidly eliminated through phagocytosis of the vesicle by 523	

phagocytes (Fig 6), contributing to the overall anti-inflammatory nature of apoptosis and 524	

collaborating with atypical chemokine receptors in the regulation of chemokine availability in the 525	

extracellular compartment [50]. This mechanism would potentially extend the classification of 526	

find-me signal to any PS-binding chemokine expressed by apoptotic cells able to activate GPCRs 527	

expressed in phagocytes like CCR2. Our study provides proof of principle of this notion 528	

exemplified in the case of Ccl12. Here we show that Ccl12 expression is induced in mouse 529	

apoptotic thymus, that it binds PS and that the complex of thymus apoptotic blebs with mouse 530	

Ccl12 is required to activate mouse Ccr2-expressing cells.  In addition, we found that other CCR2 531	

ligands in humans, CCL2 and CCL13, also interact with PS. Although, we did not observe a 532	

significant induction of Ccl2 in mouse apoptotic thymus, the chemokine expression profile of 533	

apoptotic cells may differ among tissues or cell types.  For instance, it has been previously shown 534	

that Ccl2 upregulated in mouse lung by bleomycin-induced injury enhances the removal of 535	

apoptotic neutrophils [51]. Furthermore, it is likely that different chemokines are expressed in 536	

other modalities of cell death with more highly inflammatory conditions (necrosis, 537	

necroptosis…), which would result in the attraction of different subsets of phagocytes. A 538	

comprehensive analysis of the chemokines and chemokine receptors expressed by dying cells and 539	

phagocytes, respectively, would help to identify other chemokine-apoptotic body-receptor axes 540	
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involved in the recruitment of phagocytes and to understand their influence on the kinetics and 541	

efficiency of dying cell clearance.  542	

  543	

Fig 6. A gradient of chemokine-presenting apoptotic blebs guide phagocytes toward 544	
apoptotic cells for their elimination. 545	
Graphic representation of the proposed model for the role of PS-binding chemokines in apoptotic 546	
cell clearance. Chemokines produced by live cells are retained by GAGs on the cell surface 547	
whereas in the absence of GAGs in apoptotic cells, phagocyte-recruiting chemokines interact 548	
with PS exposed on the surface of apoptotic cells and blebs to form a gradient for phagocyte 549	
recruitment. Phagocytes engulf and eliminate chemokine-presenting apoptotic blebs and apoptotic 550	
cells reducing inflammation. 551	
 552	

Here we chose to validate the biological relevance of chemokine-PS interactions in the context of 553	

apoptosis. However, many PS-binding chemokines identified by our study are not known to 554	

recruit phagocytes and therefore, they are unlikely to impact apoptotic cell clearance. Instead, PS-555	

binding may regulate the activity of chemokines that attract non-phagocytic cell types in other 556	

biological processes where cell membrane PS becomes exposed and accessible for the interaction 557	

with soluble cytokines, like cancer and infectious diseases. Extracellular vesicles like apoptotic 558	

bodies, microvesicles and exosomes have received increasing attention in recent years as essential 559	

elements of intercellular communication in cancer and immunity [52,53]. RNA transcripts, 560	

microRNA, enzymes, cytokines, chemokines and cellular receptors, among others, are 561	

transported from cell to cell by extracellular vesicles [54]. Research in the field has focused 562	

principally on encapsulated nucleic acids and integral membrane proteins of the vesicle. This 563	

might be a consequence of the fact that while it is easy to understand how cell state can be 564	

modulated by RNAs, cellular receptors or cytosolic enzymes delivered by extracellular vesicles, 565	

how vesicle-encapsulated cytokines and chemokines, whose action depend on the interaction with 566	

receptors in the plasma membrane of a target cell, might contribute to vesicle-mediated cell-to-567	

cell communication is less apparent. In this regard, our study provides proof of principle that 568	

signaling cytokines can be displayed and distributed in vivo attached to the surface of 569	

extracellular vesicles. Tumor cells and viruses might use this system to distribute cytokines and 570	
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activate or antagonize cellular receptors in distant organs. Understanding how lipids interact with 571	

secreted proteins may help explain the functional roles played by extracellular vesicles during 572	

homeostasis, cancer, and infection. 573	

 574	

Materials and methods 575	

Animals 576	

C57BL/6j mice were obtained from The Jackson Laboratory (Bar Harbor, ME). All mice were 577	

maintained under specific pathogen–free housing conditions at an American Association for the 578	

Accreditation of Laboratory Animal Care–accredited animal facility at the National Institute of 579	

Allergy and Infectious Diseases (NIAID) and housed in accordance with the procedures outlined 580	

in the Guide for the Care and Use of Laboratory Animals under the protocol LMI-8E approved on 581	

31/12/2015 and annually renewed by the Animal Care and Use Committee of NIAID. 582	

 583	

Cells 584	

CHO-K1 and the GAG-deficient variant CHO-745 cells (generous gift from Dr. Antonio Alcami, 585	

Spanish Research Council, Spain) were grown in DMEM/F12-Glutamax (Life Technologies, 586	

Carlsbad, CA) supplemented with 10% FBS. L1.2 cells (kindly provided by Dr. Eugene Butcher, 587	

Stanford University, CA) were grown in RPMI-Glutamax (Life Technologies) supplemented with 588	

10% FBS, 1 mM sodium pyruvate and 0.1 mM non-essential amino acids. CHO-K1, CHO-745 589	

and L1.2 cells were cultured at 37°C and 5% CO2. Suspension Expi293F cells were maintained in 590	

FBS-free Expi293 Expression Medium (both from Life Technologies) and grown at 37°C, 8% 591	

CO2 with constant agitation at 125 rpm.  592	

 593	

Reagents 594	
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Untagged human/mouse recombinant chemokines produced in E. coli were obtained from 595	

Peprotech (Rocky Hill, NJ). Of note, recombinant CXCL16 included only the extracellular 596	

domain of human CXCL16. The synthetic biotinylated human chemokines CCL2, CCL3, CCL11, 597	

CXCL11 and CCL20 were purchased from Almac (Craigavon, UK). All primary anti-chemokine 598	

antibodies used in this study were purified polyclonal rabbit antibodies from Peprotech. 599	

Recombinant human MFG-E8 protein produced in mouse myeloma cells was purchased from 600	

R&D Systems (Minneapolis, MN). 601	

 602	

Generation of stable cell lines expressing chemokine receptors 603	

Cell lines expressing the mouse chemokine receptors Ccr1, Ccr2, Ccr6, Ccr7 and Cxcr3 were 604	

generated in L1.2 cells. cDNA clones in pCMV6 plasmid for these chemokine receptors were 605	

obtained from Origene (Rockville, MD). 2 million L1.2 cells were transfected with 2 µg of 606	

plasmid using the SG Cell Line transfection kit and a 4D-Nucleofector X (both from Lonza, 607	

Walkersville, MD) following the manufacturer’s instructions. 48 h post-transfection, cells were 608	

seeded in 24-well plates in pools containing 2,400 cells/well in selection media (RPMI-Glutamax, 609	

10% FBS, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids and 1 mg/ml geneticin). 610	

After 7 days at 37°C, media was replaced with fresh selection media and the cells were incubated 611	

for 7 additional days. Then, surviving pools were screened for the expression of the 612	

corresponding chemokine receptor by calcium-flux assays. Pools displaying the strongest calcium 613	

flux responses were further selected by limiting dilution in 96-well plates. Receptor-expressing 614	

clones were selected by calcium flux assays. Highly responsive clones were expanded and frozen 615	

in geneticin-free selection media containing 5% DMSO. For subsequent experiments, cell lines 616	

were grown in selection media. 617	

 618	

Lipid array binding assays 619	
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The lipid binding specificity of recombinant human chemokines (Peprotech) was determined 620	

using Membrane Lipid Strips obtained from Echelon BioSciences (Salt Lake City, UT). These 621	

strips are spotted with 100 pmol of 15 different lipids found in cell membranes. First, strips were 622	

incubated with blocking buffer (1X Tris-buffered saline [TBS], 0.1% Tween-20, 3% BSA) for 1h 623	

at room temperature. Then, recombinant chemokines were added at 0.1 µg/ml in blocking buffer 624	

and incubated for 1 h at room temperature. Strips were washed with TBS-T (TBS, 0.1% Tween-625	

20) and bound protein was detected with specific rabbit anti-chemokine antibodies (Peprotech) 626	

followed by an HRP-conjugated anti-rabbit antibody (Abcam, Cambridge, MA). Strips were 627	

developed with WesternBright Sirius (Advansta, San Jose, CA) and imaged in an Omega Lum C 628	

imager (Gel Company, San Francisco, CA).  629	

 630	

Liposomes 631	

The phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-632	

phospho-L-serine (DOPS), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) 633	

(DOPEbiot), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene 634	

glycol)-2000] (DSPE-PEGbiot) were all purchased from Avanti Polar Lipids (Alabaster, AL). In 635	

this study, two different types of liposomes were used: “DOPC”, composed of DOPC:DOPEbiot 636	

at a 95:5 ratio (weight %), and “DOPS”, composed of DOPS:DOPC:DOPEbiot at a 30:65:5 637	

(weight %). Phospholipids resuspended in chloroform were mixed at the indicated ratios (1 mg 638	

total lipid) and the solvent was evaporated in a SpeedVac Concentrator (Fisher Scientific, 639	

Pittsburgh, PA). Dried lipids were rehydrated in 0.5 ml of PBS or TBS for 2 h at room 640	

temperature. Subsequently, large unilamellar vesicles were prepared by extrusion (> 11 passes) 641	

through a 0.1 µm membrane at room temperature using a mini-extruder (Avanti Polar Lipids). 642	

Liposomes were used immediately after preparation.  643	

 644	

Liposome binding assays 645	
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The ability of chemokines to interact with phospholipid liposomes was tested by ELISA and BLI.  646	

For ELISA-based binding experiments, DOPC and DOPS liposomes prepared in TBS were 647	

immobilized at 10 µg/ml in binding buffer (TBS, 0.1% BSA) on streptavidin-coated high capacity 648	

plates (Thermo Fisher, Waltham, MA). Increasing concentrations (0.01-10 µg/ml) of recombinant 649	

chemokines in binding buffer were incubated in the wells for 15 min at room temperature. Plates 650	

were washed extensively with TBS and bound chemokine was detected with specific rabbit anti-651	

chemokine antibodies (Peprotech) and HRP-conjugated anti-rabbit secondary antibody 652	

development (Abcam). The (Twin)-Strep-tag /Strep-Tactin affinity purification system (IBA 653	

LifeSciences, Göttingen, Germany) was used to produce twin-strep-tagged fusion chemokines 654	

which were detected with an HRP-conjugated anti-Streptag mAb (IBA LifeSciences). Plates were 655	

developed with TMB One Component (Surmodics, Eden Prairie, MN) and the reaction was 656	

stopped with sulfuric acid before measuring the absorbance at 450 nm (A450) in a FlexStation 3 657	

microplate reader (Molecular Devices, Sunnyvale, CA). Non-specific binding to the plate was 658	

corrected by the subtraction of the A450 recorded for each chemokine concentration in wells 659	

incubated without liposome. Where indicated, chemokine binding to liposome-coated wells was 660	

competed by preincubation of chemokines with increasing concentrations of lipids for 30 min at 661	

room temperature.  662	

BLI experiments were performed in an Octet RED384 system (Pall ForteBio, Fremont, CA) 663	

essentially as previously described with some modifications [55]. For these experiments, 664	

liposomes were prepared in PBS and DSPE-PEGbiot instead of DOPEbiot was used as 665	

biotinylated phospholipid to improve the immobilization of the liposomes on the biosensors. 666	

Briefly, streptavidin-coupled biosensors pre-wetted in PBS for at least 10 min were equilibrated 667	

in PBS for 60 s. Then, DOPC and DOPS liposomes were immobilized to a final 2-4 nm or 0.5-1 668	

nm response for binding screening or kinetic purposes, respectively. Subsequently, biosensor tips 669	

were washed for 60 s in PBS and blocked for 300 s with 0.05% BSA in PBS. Finally, biosensors 670	

were washed for 150 s in PBS and the association of recombinant chemokines was recorded for 671	
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500 s followed by a 500 s dissociation in PBS. All the steps were performed at 30° C and 1,000 672	

rpm. Final binding sensorgrams were generated by subtracting the binding to biosensors loaded 673	

with DOPC liposomes from the binding recorded in DOPS biosensors. For binding screening, 674	

chemokines were tested at 1 µM. For kinetic analysis, increasing concentrations (50 nM to 1,000 675	

nM) of chemokines were used and sensorgrams were adjusted to a 1:1 Langmuir model.  676	

 677	

Chemokine-phospholipid cross-linking assays 678	

The capacity of different natural phospholipids — brain phosphatidylethanolamine (PE), brain 679	

phosphatidylcholine (PC), brain phosphatidylserine (PS) and heart cardiolipin (CL), all from 680	

Avanti Polar lipids — to induce chemokine oligomerization was studied by crosslinking 681	

experiments. First, phospholipids stored in chloroform at 10 mg/ml were diluted 1:1000 in 20 682	

mM HEPES. Then, 50 ng of chemokine were incubated for 30 min at room temperature in the 683	

presence or absence of phospholipid at a 1:8 (chemokine:total lipid) molar ratio in 12 µl of 20 684	

mM HEPES. Then, 3 µl of the crosslinker BS3 (Life Technologies) were added for a 0.25 mM 685	

final concentration and samples were incubated at room temperature for additional 30 min. The 686	

reaction was stopped by the addition of 5 µl of 4X SDS-PAGE loading buffer and chemokine 687	

oligomerization was analyzed by Western blot. Chemokine oligomers were detected by specific 688	

rabbit anti-chemokine antibodies (Peprotech) followed by development with an HRP-conjugated 689	

anti-rabbit antibody (Abcam).  690	

 691	

Chemotaxis assays 692	

The effect of DOPC and DOPS on the activity of human CCL3, CCL20 and CCL21 was assessed 693	

by transwell chemotaxis assays. For this, the indicated chemokine concentrations were 694	

preincubated with increasing molar ratios (102-105) of total lipid of DOPC or DOPS liposomes 695	

for 30 min at room temperature in chemotaxis buffer (DMEM-Glutamax [Life Technologies] 696	

supplemented with 0.1% of BSA and 10 mM HEPES). To confirm chemokine binding to the 697	
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liposomes under these conditions, 50 µl of the 1:104 chemokine:liposome mix was incubated with 698	

streptavidin-coated plates and the liposome-bound chemokine was analyzed by ELISA as 699	

explained above. Also, where indicated, chemokines were preincubated with a 103-fold molar 700	

excess of soluble heparin (Sigma, St. Louis, MO). Chemokine samples were added to the bottom 701	

chambers of 96-well ChemoTx plates (Neuroprobe, Gaithersburg, MD) and 200,000 L1.2 cells 702	

expressing appropriate receptors (Ccr1 for CCL3, Ccr6 for CCL20 and Ccr7 for CCL21) were 703	

added in chemotaxis buffer to the top chambers and allowed to migrate through a 5 µm pore-704	

sized membrane for 3-4 h at 37° C. Then, the top chamber and filter were removed, 5 µl/well of 705	

CellTiter 96 Aqueous One Solution (Promega, Madison, WI) was added to the bottom wells and 706	

the absorbance at 490 nm (A490) was determined after incubation for 2 h at 37° C using a 707	

FlexStation 3 plate reader (Molecular Devices). The total number of cells that migrated to the 708	

bottom wells was calculated by interpolation of the observed A490 values using a standard curve 709	

generated with a known number of cells.    710	

 711	

Chemokine binding to apoptotic cells 712	

Apoptotic CHO-745 cells and mouse thymocytes were used for chemokine binding experiments. 713	

Apoptosis of GAG-deficient CHO-745 cells was induced by irradiation with UV light. Cells 714	

cultured on 100 mm plates were washed once with PBS and cell monolayers were irradiated with 715	

100 mJ in a UV-Stratalinker 2400 (Stratagene, San Diego, CA) with the plate lid off or on to 716	

generate the mock control. 6 h after treatment, cells were collected with trypsin-EDTA followed 717	

by at least two washes with culture media to remove the EDTA, which may interfere with the 718	

Ca2+-dependent binding of AnV.  Apoptotic thymocytes were generated by incubation of 719	

thymocytes (107 cells/ml) freshly isolated from C57BL/6 mice with 1 µM dexamethasone for 4-5 720	

h in RPMI-glutamax supplemented with 10% FBS. All binding assays were performed in AnV 721	

Binding Buffer (Biolegend, San Diego, CA). For competition experiments, cells were 722	
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preincubated for 5 min at room temperature with 1 µg of the unlabeled PS-binding proteins MFG-723	

E8 (R&D systems) and AnV (Biolegend). 300,000 cells were incubated with 250 nM biotinylated 724	

CCL3, CCL11, CXCL11 (all from Almac, Craigavon, UK), or AnV (Biolegend) in 100 µl of 725	

binding buffer for 10 min at room temperature. Then, cells were pelleted by centrifugation (1,200 726	

rpm, 5min) and incubated in 100 µl of binding buffer containing 0.125 µg of streptavindin-APC 727	

(Biolegend) for 10 min at room temperature. Finally, cells were resuspended in binding buffer 728	

and stained with 3.5 µg/ml propidium iodide (Biolegend), and, in the case of the thymocytes, also 729	

with 0.1 µM YO-PRO (Life Technologies). 30,000 events were acquired in an LSR Fortessa cell 730	

analyzer and FlowJo software (both from Becton Dickinson, San Jose, CA) was used for the data 731	

analysis.  732	

 733	

Chemokine expression in mouse thymus 734	

The expression of chemokines in the thymus of C57BL/6j mice injected (i.p.) with PBS or 250 µg 735	

of dexamethasone (Sigma) was analyzed using Proteome Profiler Mouse Array kit (R&D 736	

systems). 6 h or 18 h after treatment, mouse thymus was collected and homogenized in 1 ml of 737	

cold PBS containing cOmplete protease inhibitor cocktail (Roche, Indianapolis, IN) using a tissue 738	

homogenizer (Omni International, Kennesaw, GA). Protein concentration was determined by 739	

BCA assay and array membranes were incubated with an extract volume corresponding to 200 µg 740	

of protein. Arrays were developed following the manufacturer´s instructions and membranes for 741	

all samples were imaged simultaneously in an Omega LumC imager (Gel Company). The mean 742	

pixel intensity for each signal was analyzed using ImageJ. 743	

 744	

Functional assays using apoptotic bleb fractions from mouse thymus 745	

The chemokine activity retained in mouse apoptotic blebs was analyzed by calcium flux and 746	

chemotaxis assays. C57BL/6j mice were injected i.p. with PBS or 250 µg of dexamethasone. In 747	
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each experiment, 2 mice were treated with PBS and 3 with dexamethasone. 18 h after treatment, 748	

thymi were collected and pooled together for each treatment. Thymi were homogenized using 70 749	

µm cell strainers and 500 µl/thymus of assay buffer. For calcium flux assays thymus samples 750	

were prepared and tested in calcium assay buffer (Cell culture media:Calcium buffer [10% FBS 751	

RPMI-Glutamax:HBSS supplemented with 20 mM HEPES] mixed 1:1 vol:vol), and for 752	

chemotaxis assays thymi were homogenized in chemotaxis buffer (DMEM-Glutamax 753	

supplemented with 0.1% BSA and 10 mM HEPES). Then, samples were processed by a series of 754	

centrifugation steps as shown in Fig 5C. First, intact cells were removed by centrifugation for 10 755	

min at 300xg. The supernatant was collected and recentrifuged at 3,000xg for 20 min. The 756	

resulting pellet was resuspended using the same volume of assay buffer and defined as ApoBD 757	

(apoptotic bodies), while the supernatant was recentrifuged at 16,000xg for 20 min. The 758	

supernatant of this last step was collected and defined as SN (supernatant) and the pellet was 759	

resuspended in the same volume of assay buffer and defined as MV (microvesicles). All 760	

centrifugation steps were performed at 4° C. Fractions were then used in calcium flux or 761	

chemotaxis assays using L1.2 cells stably transfected with Ccr1, Ccr2, Cxcr3 or Ccr7. For 762	

calcium flux assays, 300,000 cells/well in black clear-bottom plates were incubated with Calcium 763	

6 reagent (Molecular Devices) for 2 h at 37° C. Calcium flux signals were recorded for 180 s in a 764	

FlexStation 3 plate reader (Molecular Devices). For this, 25 µl/well of each fraction or the same 765	

volume containing 50 nM of the appropriate recombinant agonist diluted in calcium assay buffer 766	

were dispensed using the reader´s pipettor robot at 20 s after the initiation of the recording. For 767	

chemotaxis assays, different volumes of each fraction were tested essentially as explained above. 768	
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