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Abstract 22 

    The increasing ability of pathogens and tumor cells to evade immune detection 23 

underscores the urgent need for novel vaccine platforms leveraging diverse biological 24 

mechanisms. Additionally, logistical challenges associated with cold-chain 25 

transportation significantly limit vaccine accessibility, especially in resource-limited 26 

regions. Recently, we identified migrasomes, specialized organelles generated during 27 

cell migration, which are inherently stable and enriched with immune-modulating 28 

molecules. To address the low yield of natural migrasomes, we engineered migrasome-29 

like vesicles (eMigrasomes) using hypotonic shock combined with cytoskeletal 30 

disruption to enhance vesicle formation. The biogenesis of eMigrasomes relies on the 31 

core migrasome machinery, faithfully recapitulating the biophysical attributes of native 32 

migrasomes while significantly improving production efficiency. We demonstrate that 33 

eMigrasomes loaded with a model antigen elicit potent antibody responses and 34 

maintain structural integrity and immunogenic potential at room temperature. 35 

Furthermore, eMigrasomes displaying the SARS-CoV-2 Spike protein induce robust 36 

humoral immune responses, providing effective protection against viral infection. Our 37 

findings highlight the potential of utilizing migrasome biology and hypotonic shock-38 

driven vesicle generation as an innovative, stable, and broadly accessible vaccine 39 

platform. 40 

 41 

 42 
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Introduction 43 

To face the imminent challenges of emerging infectious diseases, and to realize the 44 

not-yet-fulfilled promise of cancer vaccines, new types of vaccination platforms based 45 

on different basic biological principles are urgently needed. The huge success of mRNA 46 

vaccines in the fight against the Covid-19 pandemic further supports the importance of 47 

developing vaccine platforms based on different underlying biological mechanisms 1-4. 48 

However, the application of mRNA-based vaccines, or other forms of traditional 49 

vaccine, has been hampered by the requirement for complicated cold-chain 50 

transportation, in which the materials are constantly maintained at low temperature 5, 6. 51 

For most parts of the world, especially the global south, it is vitally important to develop 52 

vaccines which do not require cold-chain transportation.  53 

Migrasomes are recently discovered organelles of migrating cells 7. During 54 

migrasome formation, long membrane tethers named retraction fibers are pulled out at 55 

the trailing edge of migrating cells by the force generated by the movement of the cells. 56 

Migrasomes are formed on retraction fibers by a complicated process involving 57 

multiple components 8-10. In the final expansion step, the growth of migrasomes is 58 

driven by assembly of nanometer-scaled tetraspanin-enriched microdomains (TEMs) 59 

into micrometer-scaled tetraspanin-enriched macrodomains (TEMAs) 9, 11. Thus, 60 

migrasomes are highly enriched with components of TEMs — such as tetraspanins, 61 

integrins, and cholesterol — and formation of migrasomes is dependent on the presence 62 

of these molecules. For example, overexpression of Tspan4 can promote migrasome 63 

formation 9, while removing cholesterol can block migrasome formation. Theoretical 64 
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modelling, in vitro reconstitution of migrasome formation, and membrane stiffness 65 

measurement by atomic force microscopy have revealed mechanistic insights into 66 

migrasome formation. These approaches showed that tetraspanin- and cholesterol-67 

enriched macrodomains have highly elevated membrane stiffness, which is the key 68 

factor to drive the bulging of retraction fibers into migrasomes; as a result, migrasomes 69 

are highly rigid 9. More recently, it was shown that assembly of TEMs can repair 70 

damaged membranes by restricting the spread of membrane rupture. In liposomes 71 

containing Tspan4 and cholesterol, detergent-induced membrane damage can be 72 

rapidly repaired, and Tspan4-embedded liposomes are highly resistant to damage 12.  73 

One defining feature of tetraspanin-enriched microdomains is the enrichment of 74 

immune-modulating molecules such as members of the immunoglobulin superfamily 75 

(IgSF) 13-15. This group of molecules contains many key signaling molecular complexes 76 

which regulate the immune response, including antigen receptors, antigen-presenting 77 

molecules, co-receptors, antigen receptor accessory molecules, and co-stimulatory or 78 

inhibitory molecules 16. Since migrasomes are largely composed of TEMs, members of 79 

the IgSF are also enriched in migrasomes. This property, in addition to the high stability 80 

of migrasomes, prompted us to explore the possibility of developing a migrasome-81 

based vaccine. 82 

One key obstacle to developing a migrasome-based delivery system and 83 

migrasome-based vaccines is the very low yield of migrasomes. To generate 84 

migrasomes, cells must be grown at very low density to allow them to migrate, and a 85 

migrating cell can only generate a relatively low number of migrasomes in a process 86 
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that takes hours to finish 7. In this study, by using the biophysical insights we gained 87 

from investigating migrasome formation, we successfully overcome this key obstacle. 88 

We developed a method which mimics the key biophysical features of migrasome 89 

formation while vastly improving the yield of migrasome-like vesicles. We named 90 

these vesicles as engineered migrasomes (eMigrasomes). Using eMigrasomes loaded 91 

with the model antigen ovalbumin (OVA), we successfully demonstrate that 92 

eMigrasomes are a highly effective, room temperature-stable vaccine platform which 93 

generate a strong immunoglobulin G (IgG) response. Finally, we demonstrate that 94 

eMigrasomes loaded with SARS-CoV-2 Spike protein (S protein) can generate a strong 95 

protective humoral response against SARS-CoV-2. In summary, our study 96 

demonstrates that the eMigrasome-based vaccine platform is stable at room temperature, 97 

highly effective, and uses an unconventional immunological mechanism, which could 98 

be useful in certain scenarios where conventional vaccine platforms are less successful. 99 

   100 

Results 101 

By serendipity, we found that hypotonic shock induces rapid formation of 102 

migrasome-like structures on retraction fibers in Tspan4-GFP-expressing cells (Fig 1a). 103 

Similar phenomena had also been observed in recent studies17, 18 . 10 seconds after 104 

hypotonic shock, the Tspan4 signal started to become enriched on retraction fibers. 105 

These Tspan4-enriched domains then grew into migrasome-like structures. After 106 

reaching its peak intensity, the Tspan4-GFP signal started to diffuse away from the 107 

migrasome-like structure, which was accompanied by shrinkage of the migrasome-like 108 
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structure. 440 seconds after hypotonic shock, most of the hypotonic shock-induced 109 

migrasome-like structures disappeared (Fig 1a, Supplementary Video 1). We found that 110 

the size of the migrasome-like structures negatively correlated with osmolarity: the 111 

lower the osmolarity, the larger the migrasome-like structures (Fig 1b, 1c). To study 112 

the role of osmolarity in the formation of migrasome-like structures, we set up an 113 

imaging protocol which allowed us to carry out live-cell imaging while lowering the 114 

osmolarity in a step-wise manner (Fig 1d). We found that step-wise application of the 115 

hypotonic shock significantly increased the duration time of the migrasome-like 116 

structures. In cells undergoing 5 steps of hypotonic shock, 50% of the migrasome-like 117 

structures were still stable 6 minutes after the final step of hypotonic shock; in contrast, 118 

in cells undergoing one step of hypotonic shock, 50% of the migrasome-like structures 119 

shrunk back or fused with their neighbors within 1.5 minutes.  (Fig 1e, 1f, 120 

Supplementary Video 2, 3).  121 

We realized that the amount of migrasome-like structures generated by hypotonic 122 

shock depends on the number of retraction fibers. We also realized that the majority of 123 

the plasma membrane can be the source of membrane for migrasome-like structures. 124 

We reasoned that if we shrink the cells by disrupting the cytoskeleton, the shrinkage 125 

will cause the retraction of the cell edge toward the center. At the same time, the cells 126 

will be adhering to the bottom of the culture plate at various points by focal adhesion. 127 

These adhesion sites will keep the plasma membrane in place, thus serving as anchor 128 

points for generation of membrane tethers. If this scenario is true, contraction of the 129 

cell will generate large numbers of membrane tubes in a way similar to retraction fiber 130 
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formation during migration. To test this hypothesis, we treated cells with different doses 131 

of latrunculin A (LatA), a reagent widely used for disruption of microfilaments, before 132 

applying the step-wise hypotonic shock. As expected, we found that treating cells with 133 

LatA caused shrinking of the cells. We also observed the massive formation of 134 

membrane tethers in the area which was occupied by the cell before shrinkage. 135 

Importantly, we observed significantly enhanced formation of migrasome-like 136 

structures from these newly formed membrane tethers in a LatA dose-dependent 137 

manner (Fig 1g, 1h).  138 

It is well established that cells can counter a change of osmolarity with regulated 139 

volume change 19. To test whether regulated volume change can affect the formation of 140 

migrasome-like structures, we knocked down SWELL1, a key component of the 141 

volume-regulated anion channel which maintains a constant cell volume in response to 142 

osmotic changes 20, 21. We found that knockdown of SWELL1 significantly enhanced 143 

the formation of migrasome-like structures. This result suggests that formation of 144 

migrasome-like structures can be enhanced by reducing the capacity of cells to regulate 145 

their volume during osmolarity change (Fig 1i - 1k).   146 

Under normal physiological conditions, the extracellular space typically contains a 147 

substantial amount of sodium. Throughout all the aforementioned experiments, the 148 

buffer employed predominantly consisted of sodium as the prevailing cation. Cations 149 

are known for their role in regulation of cell volume. Next, we tested the effect of 150 

different cations on the formation of migrasome-like structures. We reasoned that if 151 

different cations have different abilities to regulate cell volume during osmolarity 152 
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change, we may be able to find an easy way to attenuate the regulated cell volume 153 

change, thus promoting the formation of migrasome-like structures. To do that, we first 154 

replaced the medium with isotonic buffers containing different cations, then we added 155 

water step-wise to reduce the osmolarity. We found that indeed different cations have 156 

different abilities to promote the generation of migrasome-like structures. Substitution 157 

of sodium with equal molar potassium, cesium or choline significantly enhanced the 158 

generation of migrasome-like structures (Fig 1l, 1m). 159 

Tspan4 is the key protein that promotes migrasomes formation, and all the 160 

experiments described above were carried out in Tspan4-GFP-expressing cells. To test 161 

whether Tspan4 can promote the formation of migrasome-like structures, we treated 162 

mCherry- or Tspan4-mCherry-expressing cells with step-wise hypotonic shock, and 163 

then observed the formation of migrasome-like structures by WGA staining, which 164 

labels migrasomes effectively 22. We found that indeed Tspan4-mCherry significantly 165 

enhanced the formation of migrasome-like structure (Fig 2a, 2b). Similar results held 166 

for Tspan1 and CD82, which are also migrasome-promoting tetraspanins (Fig 2c, 2d, 167 

S1a, S1b). Previously, we reported that cholesterol is essential for migrasome formation. 168 

We treated cells with methyl-beta-cyclodextrin (MβCD), which selectively extracts 169 

cholesterol from the plasma membrane. We found that addition of MβCD rapidly 170 

destroyed the readily formed migrasome-like structures (Fig 2e, 2f). This suggests that, 171 

similar to migrasomes, the structural integrity of migrasome-like structures depends on 172 

cholesterol. Recently, we reported that formation of migrasomes is dependent on SMS2. 173 

We found that treating cells with SMS2-IN-1, a selective inhibitor of SMS2, 174 
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significantly inhibits the formation of migrasome-like structures (Fig 2g, 2h). Finally, 175 

we tested whether the formation of migrasome-like structures can occur in cells other 176 

than NRK cells. Indeed, all the cells we tested were able to support the formation of 177 

migrasome-like structures (Fig 1n). 178 

Because of the mechanistic similarity between migrasomes and migrasome-like 179 

structures (Fig 2i), and because of the artificial nature of the procedure to generate these 180 

structures, we named these migrasome-like structures as engineered migrasomes 181 

(eMigrasomes).  182 

Based on these results, we designed a protocol to generate and isolate eMigrasomes 183 

(eMigs) (Fig 3a). In this protocol, cells cultured in flasks were pretreated with high-184 

potassium DPBS (K-DPBS) containing LatA and then the osmolarity was reduced by 185 

adding water in a step-wise manner. The flask then was subjected to moderate rotation 186 

to separate poorly-adhering cell bodies and tightly-adhering eMigs. The supernatant 187 

containing the majority of cell bodies was discarded and the eMigs attached to the 188 

bottom were harvested by pipetting. No trypsinization was applied to ensure optimal 189 

protection of the integrity of eMigs. To remove remaining cell bodies, crude eMigs 190 

were subjected to differential centrifugation followed by a gravity-dependent filtration 191 

through a 6-μm filter. eMigs in the flowthrough were concentrated by high-speed 192 

centrifugation. This protocol generated eMigs in a high yield. By microscopic 193 

examination, every individual cell robustly generates eMigs (Supplementary Video 4). 194 

By confocal microscopy analysis, the isolated eMigrasomes are round vesicles with 195 

different sizes (Fig 3b). To measure the size of eMigrasomes, we carried out a confocal-196 
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based analysis using Hough circle transformation (Fig 3b). We found that eMigrasomes 197 

have a size range from 1.4 μm - 6.6 μm, with a median size of 1.6 μm (Fig 3c). Since 198 

negative staining might distort the shape of membrane vesicles (Fig 3d), we carried out 199 

cryo-EM analysis of eMigrasomes. Under cryo-EM, eMigrasomes appeared as intact 200 

round vesicles (Fig 3e). Notably, the eMigs were not contaminated with significant 201 

amounts of intracellular membranes, as western blotting of purified eMigs showed very 202 

little contamination from other organelles (Fig 3f).  203 

Previously we reported that migrasomes can become leaky before rupture. We 204 

wondered whether eMigrasomes can also become leaky. To test this, we added 205 

eMigrasomes into isolation buffer loaded with Cy5 and 40 kDa dextran-TMR. At room 206 

temperature, eMigrasomes rapidly become leaky to Cy5, a fluorescent dye that does 207 

not pass intact membranes (Fig 3g). During the 48 hours after preparation, 208 

eMigrasomes gradually become leaky to 40 kDa dextran-TMR, which mimics the size 209 

of a normal protein (Fig 3g, 3h). 210 

Next, we tested the stability of eMigrasomes at room temperature. Surprisingly, 211 

eMigrasomes are highly stable. Even after 14 days at room temperature, the 212 

morphology of eMigrasomes did not change significantly, and the number of 213 

eMigrasomes was only slightly reduced (Fig 3i, 3j). However, if we treated isolated 214 

eMigrasomes with MβCD, most of them deformed and ruptured within 30 min (Fig 3k). 215 

This suggests a crucial contribution of cholesterol to the stability of isolated 216 

eMigrasomes. 217 
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The stable nature of eMigs prompted us to explore the possibility of using eMigs 218 

as carriers for delivery of proteins (Fig 4a). We found that membrane proteins (e.g. the 219 

cell surface receptor PD1) can be easily loaded onto eMigrasomes by simply 220 

overexpressing these proteins in cells (Fig 4b). To load cytosolic proteins, we fused 221 

them with the transmembrane domain followed by the polybasic tail of syntaxin 2 222 

(STX2). This allowed us to successfully load the cytosolic protein ovalbumin (OVA) 223 

onto the plasma membrane and thus onto eMigrasomes, referred as mOVA for 224 

membrane-tethered OVA (Fig 4c).  225 

An eMigrasome-based vaccine 226 

Next, we explored the potential of eMigrasomes as an antigen carrier for vaccines. 227 

First, we employed OVA, a well-established model antigen, to evaluate eMigrasomes 228 

as a platform for antigen delivery. We used imaging and immunoblotting to confirm 229 

the presence of the mOVA-mCherry protein (Fig 4d, 4e). It is worth noting that the 230 

mOVA antigen was highly enriched in isolated eMigrasomes compared to the host cells 231 

(Fig 4e). We immunized mice with OVA-loaded eMigrasomes (eM-OVA) via different 232 

routes and found that intravenous injection resulted in the highest IgG antibody titer 233 

(Fig 4f). eM-OVA induced the antigen-specific IgG response in a dose-dependent 234 

manner (Fig 4g). The IgG response induced by eM-OVA at 20 μg/mouse was 235 

comparable to traditional Alum/OVA at 50 μg/mouse (Fig 4h). Together, these data 236 

suggest that eM-OVA elicits a strong IgG response compared to traditional alum-based 237 

immunization.    238 
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IgG is the most abundant immunoglobin in human and mouse, with four different 239 

subtypes: IgG1, IgG2, IgG3 and IgG4 in human, and IgG1, IgG2a/c, IgG2b, IgG3 in 240 

mouse23. Different IgG subtypes are highly conserved but each has its unique 241 

immunological functions, e.g. acting through different Fc-gamma receptors (FcγRs) or 242 

binding to complement24. Thus, we characterized the type of IgG induced by eM-OVA 243 

in mice, and compared it to that induced by Alum/OVA. The IgG response to 244 

Alum/OVA was dominated by IgG1, consistent with previous publications25, 26. Quite 245 

differently, eM-OVA induced an even distribution of IgG subtypes, including IgG1, 246 

IgG2b, IgG2c, and IgG3 (Fig 4i). Usually, the ratio between IgG1 and IgG2a/c 247 

indicates a Th1 or Th2 type humoral immune response. Thus, eM-OVA immunization 248 

induces a balance of Th1/Th2 immune responses. 249 

Next, we assessed the stability of the immunogenicity of eM-OVA over a period 250 

of 14 days at room temperature. For this purpose, we placed the purified OVA-loaded 251 

eMigrasomes in a test tube at room temperature without adding any reagents to inhibit 252 

protein degradation. After 14 days of room temperature storage, the amount of intact 253 

OVA was roughly the same as in freshly purified eM-OVA, and the IgG response 254 

induced by eM-OVA remained unchanged during this period (Fig 4j – 4l). 255 

An eMigrasome-based vaccine induces a strong humoral protective response 256 

against SARS-CoV-2 257 

We next explored eMigs as a platform to carry the SARS-CoV-2 Spike protein (S 258 

protein). To prevent the S protein from being broken down by proteases, we mutated 259 

the furin site of the S protein. MCA-205 cells were used to express the S protein with 260 
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an mCherry tag. After isolating the eMigs, we used imaging to confirm the presence of 261 

the Spike protein (Fig 5a). To assess the antigen integrity, we performed 262 

immunoblotting using antibodies against both S1 and mCherry. Two distinct bands 263 

were observed: one at the expected molecular weight of the S-mCherry fusion protein, 264 

and a higher molecular weight band that may represent oligomerized or higher-order 265 

forms of the Spike protein (Fig 5b). Furthermore, we performed confocal microscopy 266 

using a monoclonal antibody against Spike. Co-localization analysis revealed strong 267 

overlap between the mCherry fluorescence and anti-Spike staining, confirming the 268 

proper presentation and surface localization of intact S-mCherry fusion protein on 269 

eMigs (Fig 5c). These results confirm the structural integrity and antigenic fidelity of 270 

the Spike protein expressed on eMigs. 271 

Immunization of WT C57BL/6J mice with the Spike-loaded eMigs (eM-S) resulted 272 

in a strong antibody response against the S protein, which was further improved by a 273 

second shot (Fig 5d, 5f). To assess the neutralizing capacity of the antisera provoked 274 

by eM-S, we utilized a replication-competent, infectious VSV chimera incorporated 275 

with the SARS-CoV-2 spike protein for a neutralization test (Fig 5e), similar to the 276 

previously reported system27, 28. This genetically altered VSV chimera virus features 277 

the SARS-CoV-2 spike protein, substituting its native surface glycoprotein (G), making 278 

the VSV chimera reliant on the SARS-CoV-2 spike protein for cellular entry. The 279 

Venus-based fluorescence reporter system offers high sensitivity. The neutralizing 280 

power of antisera against the SARS-CoV-2 spike protein was assessed by calculating 281 

the percentage of Venus-positive infected cells when treated with serum versus mock 282 
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controls. The antisera, stimulated by an initial immunization with eM-S, neutralized the 283 

recombinant VSV-Venus-SARS-CoV2 up to a dilution titer of approximately 300 to 284 

achieve 50% neutralization (NT50). A secondary booster immunization further 285 

enhanced the neutralization capability with an NT50 up to 4000 (Fig 5g, 5h). Together, 286 

these results indicate that antigen-carrying eMigs can induce a strong humoral 287 

protective response against SARS-CoV-2.  288 

 289 

Discussion 290 

In this manuscript, we describe a method to rapidly generate eMigrasomes from 291 

cultured mammalian cells. We developed a simple method to load membrane or 292 

cytosolic proteins onto eMigrasome. Using OVA as a model antigen, we demonstrate 293 

that eMigrasomes are a highly effective, temperature-stable vaccine platform which can 294 

elicit antibody response with a very small amount of antigen. Finally, we show that 295 

eMigrasomes can be used to generate effective vaccines against SARS-CoV-2. 296 

Collectively, our study provides the proof of concept for developing eMigrasome-based 297 

vaccines. 298 

Previously, migrasomes have been defined as "migration-dependent" vesicles. In 299 

this study, we demonstrated that migrasome-like structures can be induced through the 300 

relative movement of the cell edge in a migration-independent manner. Notably, 301 

eMigrasomes exhibit conserved genetic and morphological features compared to 302 

natural migrasomes, providing strong evidence for this concept. Accordant with our 303 
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study, a recent investigation has revealed that cell shrinkage induced by bacterial toxins 304 

can also trigger migrasome formation29. 305 

In this study, we demonstrate the efficiency of eMigrasome-based vaccines using 306 

a model antigen or an antigen from a coronavirus. The benefit of using a model antigen 307 

is that there are readily available experimental systems. The benefit of using a well-308 

characterized virus antigen is that it allows us to reliably test the efficacy of our vaccine 309 

platform in a realistic setting. It should be noted that, both a signal peptide and a 310 

transmembrane domain are necessary for proper antigen presentation on eMigrasomes. 311 

For antigens that do not naturally contain these two features, a non-native signal peptide 312 

or an artificial transmembrane domain should be engineered into the coding sequence 313 

of the antigen. We are aware that due to the experimental nature of this work, it is 314 

unlikely that the eMigrasome platform will be used to generate mainstream preventive 315 

vaccines in the foreseeable future. However, there is a very real possibility of 316 

developing eMigrasomes into therapeutic vaccines against cancer or other diseases with 317 

unmet medical needs, or into preventive vaccines against pathogens for which the 318 

current vaccine platforms do not work. Our investigation regarding the biophysical and 319 

cellular mechanisms of eMigrasome formation makes it possible for further optimizing 320 

eMigrasome generation in a rational manner. 321 

In this study, we demonstrate that eMigrasomes can be an effective vaccine 322 

platform. In addition, we speculate that eMigrasomes may also emerge as a versatile 323 

delivery system for a range of applications. The high rigidity and self-repair capacity 324 

of migrasomes, which is caused by enrichment of tetraspanins and cholesterol, makes 325 
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migrasomes highly stable, and thus suitable as delivery carriers in various in vivo 326 

settings. More importantly, the physiological roles of migrasomes indicate that they 327 

have naturally evolved as carriers for delivering materials and information in vivo. Our 328 

previous work showed that during embryonic development, migrasomes which are 329 

highly enriched with signaling molecules, such as chemokines, growth factors and 330 

morphogens, are deposited at various spatially defined locations, where they act as 331 

sustained-release capsules to liberate the signaling molecules. In this way, migrasomes 332 

affect multiple aspects of embryonic development including organ morphogenesis and 333 

angiogenesis 30, 31. Additionally, in cultured fibroblast cells, migrasomes are enriched 334 

with a selected set of full-length, translationally competent mRNAs. When these 335 

mRNA-enriched migrasomes are taken up by neighboring cells, the mRNA can escape 336 

the endo-lysosome system of recipient cells and be translated into protein, thus 337 

modifying the behaviors of the recipient cells 32. Finally, in cells experiencing mild 338 

mitochondrial damage, the damaged mitochondria can be selectively transported into 339 

migrasomes and then evicted from the cell in a process named as mitocytosis 33. In 340 

summary, multiple types of cargos, including materials and information, can be 341 

enriched in migrasomes under different settings, and migrasomes can be deposited at 342 

spatially defined locations in diverse biological settings to affect a broad range of 343 

biological processes, including cell-cell communication. Since eMigrasomes capture 344 

certain key features of migrasomes, it is our speculation that we may able to develop 345 

eMigrasomes into a delivery system for diverse cargo types including nucleic acids, 346 

proteins, small molecules and even organelles.  347 

348 
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Figures and Figure Legends 349 

 350 

Figure 1 | Hypotonic stimulation induced migrasome-like structures 351 

(a-m) The biogenesis of migrasome-like structures in NRK cells stably expressing 352 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 30, 2025. ; https://doi.org/10.1101/2024.03.13.584850doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.13.584850
http://creativecommons.org/licenses/by/4.0/


18 
 

Tspan4-GFP. In these images, the fluorescence intensity of Tspan4-GFP is shown in a 353 

color map scale from purple (low) to yellow (high). 354 

(a) Image series of the biogenesis of migrasome-like structures. Cells were treated with 355 

hypotonic Dulbecco’s phosphate-buffered saline (DPBS) with an osmolarity of 76.3 356 

mOsmol and imaged using a confocal microscope. Scale bar, 10 μm. 357 

(b) Representative confocal images of cells treated with DPBS with various 358 

osmolarities. 305 mOsmol represents an isotonic condition in which no migrasome-like 359 

structures were observed. DPBS diluted to 152.5, 76.3 or 50.8 mOsmol was used to 360 

achieve hypotonic stimulations of different magnitude. The size of migrasome-like 361 

structures increased as the osmolarity was reduced. Scale bar, 5 μm. 362 

(c) For each migrasome-like structure in (b), the whole lifetime, including the growth 363 

and shrinkage, was recorded by time-lapse imaging. The largest diameter reached 364 

during the lifetime was measured. The average diameter of migrasome-like structures 365 

increased significantly as the osmolarity was reduced. For hypotonic stimulation at 366 

152.5, 76.3 or 50.8 mOsmol, n = 194, 261, 165 migrasome-like structures, respectively.  367 

(d) Illustration of the experimental setup for real-time imaging of the induction of 368 

migrasome-like structures. 369 

(e) Image series of cells treated with hypotonic DPBS in two different approaches. The 370 

osmolarity of DPBS was reduced to 76.3 mOsmol by either one single step (upper panel) 371 

or five steps with 1 min intervals (lower panel). For the step-wise reduction, the 372 

osmolarity was lowered by 25% in each step. Imaging time-points were counted from 373 
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the final stimulation step. Migrasome-like structures induced by the stepwise protocol 374 

showed significantly enhanced stability. Scale bar, 5 μm. 375 

(f) Statistical analysis of growth curves of migrasome-like structures in (e). For single 376 

step stimulation, n = 16 cells; for step-wise stimulation, n = 13 cells. 377 

(g) Representative confocal images showing the effect of Latrunculin A (LatA) 378 

treatment on the biogenesis of migrasome-like structures. Cells were pre-incubated 379 

with 0, 0.25, 0.5 or 1 μM LatA for 10 mins and then treated with a five-step hypotonic 380 

stimulation as described in (e). LatA enhanced the biogenesis of migrasome-like 381 

structures in a dose-dependent manner. The white line indicates the boundary of the 382 

cell body. Scale bar, 10 μm. 383 

(h) Statistical analysis of the number of migrasome-like structures per cell in (g). n = 384 

9-14 cells. 385 

(i) Relative mRNA level of SWELL1 analyzed by qPCR. SWELL1 expression was 386 

significantly reduced in SWELL1-knockdown (KD) cells compared to control cells. 387 

(j) Representative confocal images of control or SWELL1-KD cells. Cells were treated 388 

with a five-step hypotonic stimulation at 2 min intervals. The osmolarity was reduced 389 

by 1/6 in each step. Migrasome-like structures are shown in the inserts. Scale bar, 5 μm. 390 

(k) Statistical analysis of the diameter of migrasome-like structures in (j); n=75 for 391 

control cells and 104 for SWELL1-KD cells. 392 

(l) Representative confocal images showing the effect of extracellular cations on the 393 

biogenesis of migrasome-like structures. Before stimulation, culture medium was 394 

replaced by modified DPBS in which either Na+, K+ or Cs+ was the only cation source. 395 
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Cells were then treated with a five-step hypotonic stimulation at 2 min intervals. The 396 

osmolarity was reduced by 1/6 in each step. Scale bar, 5 μm. 397 

(m) Statistical analysis of the diameter of migrasome-like structures in (l); n = 18 for 398 

Na+, 119 for K+ and 203 for Cs+. 399 

(n) Multiple primary cell types and cell lines are capable of producing eMigrasomes. 400 

Cells were stained with WGA-AF488 (Thermo, W11261) after hypotonic induction of 401 

eMigrasome with our protocol. Z-stack image series were captured and sum-slices 402 

projections were applied. Scale bar, 10 μm (upper panels) and 5 μm (lower panels). 403 

For all statistical analyses in this figure, P values were calculated using a two-tailed 404 

unpaired nonparametric test (Mann-Whitney test). P value<0.05 was considered 405 

statistically significant. *** P<0.001. **** P<0.0001. 406 

  407 
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 408 

Figure 2 | Mechanistic and morphologic similarity between migrasomes and 409 

eMigrasomes 410 

(a) Representative confocal images showing the effect of Tspan4-GFP in the biogenesis 411 

of migrasome-like structures. NRK cells were transiently transfected with mCherry 412 

vector or Tspan4-mCherry. The two populations of transfected cells were mixed in a 413 

1:1.5 ratio in a test tube and then seeded in a confocal chamber. Cells were pre-414 

incubated with 2 μM LatA for 10 mins and then treated with a three-step hypotonic 415 

stimulation with 2 min intervals. In each step, the osmolarity was reduced by 1/6 416 

(16.7%). WGA-AF647 (Thermo, W32466) was then added to stain migrasome-like 417 

structures. Z-stack images were captured for further analysis. Scale bar, 5 μm. 418 
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(b) Statistical analysis of the number of migrasome-like structures per cell in NRK cells 419 

transiently transfected with mCherry vector or Tspan4-mCherry in (a). n = 53, 53 cells 420 

respectively. 421 

(c) Statistical analysis of the number of migrasome-like structures per cell in NRK cells 422 

transiently transfected with mCherry vector (n = 26 cells) or CD82-mCherry (n = 44 423 

cells) in Fig S1a. 424 

(d) Statistical analysis of the number of migrasome-like structures per cell in NRK cells 425 

transiently transfected with mCherry vector (n = 31 cells) or Tspan1-mCherry (n = 44 426 

cells) in Fig S1b. 427 

(e) Representative confocal images showing the effect of cholesterol extraction on 428 

migrasome-like structures. NRK cells stably expressing Tspan4-GFP were stimulated 429 

to generate migrasome-like structures as described in (a). Cells were then incubated 430 

with 10 mM MβCD or buffer supplied with an equal volume of control solvent (H2O) 431 

for 30 min before imaging. Z-stack images were captured for further analysis. Scale bar, 432 

10 μm. Insert scale bar, 5 μm. 433 

(f) Statistical analysis of the number of migrasome-like structures per cell in control 434 

cells (n=56) or cells treated with 10 mM MβCD (n=58) in (e). 435 

(g) Representative confocal images showing the effect of sphingomyelin depletion on 436 

the biogenesis of eMigrasomes. NRK cells stably expressing Tspan4-GFP were 437 

incubated with DMSO or 25 μM SMS2-IN-1 for 16 hrs. Cells were then treated and 438 

imaged as described in (a). Scale bar, 5 μm 439 
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(h) Statistical analysis of the number of migrasome-like structures per cell in control 440 

cells (n=51) or cells treated with 25 μM SMS2-IN-1 (n=46) in (g). 441 

(i) Representative confocal images showing a cell generating natural migrasomes (left) 442 

and eMigrasomes (right). Migrasomes and eMigrasomes are morphologically similar. 443 

The fluorescence signal of Tspan4-GFP is highly enriched in both migrasomes and 444 

eMigrasomes. 445 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 30, 2025. ; https://doi.org/10.1101/2024.03.13.584850doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.13.584850
http://creativecommons.org/licenses/by/4.0/


24 
 

 446 

Figure 3 | Isolation and characterization of eMigrasome 447 

NRK cells stably expressing Tspan4-GFP were used in all experiments in this figure if 448 

not otherwise specified. 449 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 30, 2025. ; https://doi.org/10.1101/2024.03.13.584850doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.13.584850
http://creativecommons.org/licenses/by/4.0/


25 
 

(a) Schematic illustration showing the process of eMigrasome induction, isolation and 450 

purification. 451 

(b) Confocal image (left), threshold edge (middle) and centroid map (right) of purified 452 

eMigrasomes. Image processing and analysis were performed using imageJ. The Hough 453 

circle transform plugin was applied to recognize and transform thresholded edges into 454 

binned objects representing individual eMigrasomes. Scale bar, 5 μm 455 

(c) Statistical analysis of the radius of purified eMigrasomes. Measurement was 456 

performed using the map generated by Hough circle transformation analysis. 4725 457 

particles were analyzed and the data were binned to plot the distribution of 458 

eMigrasomes radius. 459 

(d) TEM micrograph of negatively stained purified eMigrasomes. Scale bar, 1 μm. 460 

(e) Cryo-EM micrograph of purified eMigrasomes. Scale bar, 200 nm. 461 

(f) Western blot showing the protein level of several markers in cell bodies and 462 

eMigrasomes. An equal amount of protein was loaded in each lane. 463 

(g) Representative time-lapse confocal images showing the high permeability of 464 

eMigrasomes to Cy5 at 1.5 hrs post purification (left) and the gradual increase in the 465 

permeability of eMigrasomes to 40 kDa dextran-TMR (right). Scale bars, 5 μm 466 

(h) Statistical analysis of the percentage of eMigrasomes that were permeable to 40 kDa 467 

dextran-TMR at the indicated timepoints. For each time point, eMigrasomes from three 468 

different views were analyzed. From left to right, n = 336, 493, 812, 830 and 631. 469 

(i) Representative confocal images of eMigrasomes after sitting at room temperature 470 

for 0, 3, 7 or 14 days. Aliquots of eMigrasomes were stored in EP tubes as pellets at 471 
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room temperature for the indicated time, then resuspended and dropped into a confocal 472 

chamber before imaging. Z-stack image series were captured and sum-slices 473 

projections were applied. Scale bar, 5 μm. 474 

(j) Number of eMigrasomes after storage at room temperature for 0, 3, 7 or 14 days. 475 

Aliquots of eMigrasomes (7 x 106 eMigrasomes per tube in black, 3 x 106 eMigrasomes 476 

per tube in green) were stored in EP tubes as pellets at room temperature for the 477 

indicated time, then resuspended and stained with WGA561 before counting by FACS. 478 

(k) Time-lapse image series showing purified eMigrasomes treated with 10 mM MβCD 479 

or control buffer. A 10 μl drop of concentrated eMigrasomes was settled in a confocal 480 

chamber, then sealed and maintained at 37°C during imaging. Buffer containing 10 mM 481 

MβCD or control solvent was added to the drop using the equipment illustrated in Fig 482 

1d. Scale bar, 5 μm 483 

  484 
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 485 

Figure 4 | eMigrasomes as an antigen carrier for vaccination 486 

(a) Schematic illustration of strategies for loading proteins of interest (POI) onto 487 

eMigrasomes. The protocol includes the construction of antigen-encoding plasmids, the 488 

construction of engineered cell lines stably expressing the antigens and the production 489 

of antigen-loaded eMigrasomes. Membrane proteins, which already carry a 490 

transmembrane (TM) domain, are overexpressed in cells (top). Cytosolic proteins are 491 
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membrane tethered by tagging with the TM sequence and polybasic tail of STX2 492 

(bottom). Cells are then treated with hypotonic buffer to enrich the POI on the surface 493 

of eMigrasomes. 494 

(b) Representative confocal image of a cell expressing PD1-mCherry and Tspan4-GFP. 495 

The transmembrane protein PD1-mCherry was loaded onto eMigrasomes as shown in 496 

the top part of (a). Scale bar, 5 μm 497 

(c) Representative confocal image of a cell expressing membrane-tethered OVA-498 

mCherry (mOVA-mc) and Tspan4-GFP. To create an extracellular membrane- tethered 499 

form of OVA (mOVA), the sequence of OVA was fused to the C-terminus of a 500 

truncated form of mouse STX2, in which only the transmembrane region and a 501 

polybasic tail remained. The mCherry tag was fused to the C-terminus of OVA to trace 502 

the localization of this fusion protein. The soluble protein OVA was loaded onto the 503 

membrane of eMigrasomes, as shown in the bottom part of (a). Scale bar, 5 μm. 504 

(d) Representative confocal image of eMigrasomes isolated from MCA-205 cells stably 505 

expressing Tspan4-GFP and mOVA-mCherry (eM-OVA). Scale bar, 5 μm. 506 

(e) Western blot showing the amount of full-length mOVA-mCherry protein in host 507 

cell and eM-OVA. Cell lysate (C) containing 1 μg total protein and purified eM-OVA 508 

samples containing 0.1, 0.3 or 1 μg total protein were loaded. The protein-immobilized 509 

PVDF membrane was firstly incubated with anti-OVA antibody and then stripped and 510 

re-blotted with anti-mCherry antibody. The antigen mOVA-mCherry was highly 511 

enriched in eMigrasomes compared to host cells. 512 
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MCA-205 cells stably expressing Tspan4-GFP and mOVA-mCherry were used for all 513 

experiments in the rest of this figure if not otherwise specified. 514 

(f) Amount of OVA-specific IgG in mouse serum on day 14 after intravenous (i.v), 515 

nasal or subcutaneous (s.c) immunization with eM-OVA (20 µg/mouse). OVA-specific 516 

IgG was quantified by ELISA. 517 

(g) ELISA quantification of OVA-specific IgG in sera from wild-type (WT) mice on 518 

day 14 after tail intravenous immunization with eM-OVA at the indicated dose. 519 

(h) ELISA quantification of OVA-specific IgG in sera from WT mice on day 14 after 520 

tail intravenous immunization with eM-OVA (20 µg/mouse) or intraperitoneal 521 

immunization with Alum/OVA. 522 

(i) Titer analysis of OVA-specific IgG1, IgG2b, IgG2c and IgG3 in the sera from mice 523 

immunized with eM-OVA (20 µg/mouse) or Alum/OVA. Serum samples were 524 

collected on day 14. Each dot represents an individual serum sample. 525 

(j) Illustration of the experimental setup for assaying the stability of eM-OVA.  526 

(k) Immunoblotting analysis of the amount of OVA protein in samples of eM-OVA 527 

which were left at room temperature for 0, 3, 7 or 14 days. 2 µg protein was loaded in 528 

each lane. 529 

(l) ELISA quantification of OVA-specific IgG in sera from WT mice on day 14 after 530 

tail intravenous immunization with eM-OVA stored at room temperature for 0 days 531 

(D0), 3 days (D3), 7 days (D7) or 14 days (D14). 20 µg eM-OVA was injected per 532 

mouse. 533 
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 Figure 5 | An eMigrasome-based vaccine induces a strong humoral protective 534 

response against SARS-CoV-2 535 

(a) Representative confocal images showing the presence of Spike-mCherry (S-mc) in  536 

engineered cells and isolated eMigrasomes. Scale bar, 5 μm. 537 
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(b) Western blot showing the amount of full-length Spike-mCherry protein in eM-S. A 538 

titration (1, 2, 5, 10, 20 or 50 ng) of recombinant spike protein were loaded as standards. 539 

Purified eM-NC or eM-S samples containing 1 μg total protein were loaded. 540 

(c) Representative confocal images showing the presence of integral spike protein in 541 

isolated eMigrasomes. Scale bar, 5 μm. 542 

(d) Schematic diagram of the experimental procedure for immunization with Spike-543 

loaded eMigrasomes (eM-S) and collection of serum. 544 

(e) Illustration of the rVSV-venus-SARS-CoV-2 system. VSV-Venus-SARS-CoV2 545 

was mixed with vaccinated mice sera. Vero-TMPRSS2 cells were infected with the 546 

reporter virus/serum mixture with an MOI of 0.01. 40 hrs post infection, the Venus-547 

positive infected cells were quantified to estimate the NT50 value for each serum. 548 

(f) Spike-specific IgG was quantified in WT mice immunized with eM-S (20 µg/mouse, 549 

i.v.) at different time points. Each symbol represents one individual animal. 550 

(g) Neutralization curves are presented for sera from primary-vaccination and boost-551 

vaccination. Dots along the lines represent means from individual serum samples. 552 

Nonlinear regression was performed using the equation for the normalized response 553 

versus the inhibitor, incorporating a variable slope. 554 

(h) NT50 of individual mouse in vaccinated groups were compared by p-value (Paired 555 

t-test) are indicated. Dotted lines represent assay limits of detection. Each line 556 

represents an individual mouse. 557 
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Supplementary Information 558 

Figure S1 | The effect of tetraspanin expression on the formation of migrasome-559 

like structures 560 

(a) NRK cells were transiently transfected with mCherry vector or CD82-mCherry. The 561 

cells were then treated and imaged as described in Fig 2a. 562 

(b) NRK cells were transiently transfected with mCherry vector or Tspan1-mCherry. 563 

The cells were then treated and imaged as described in Fig 2a. 564 

 565 

Supplementary video legends 566 

Supplementary video 1 567 

Time-lapse movie showing the biogenesis of migrasome-like structures. Related to 568 

Figure 1a. 569 

Supplementary video 2 570 

The dynamic of migrasome-like structures induced by single-step approach. Related to 571 

the upper panel of Figure 1e. 572 
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Supplementary video 3 573 

The dynamic of migrasome-like structures induced by stepwise approach. Related to 574 

the lower panel of Figure 1e. 575 

Supplementary video 4 576 

4D time-lapse movie showing the biogenesis of eMigrasomes. 577 

 578 

Materials and Methods 579 

Molecular cloning 580 

The sequence spanning amino acids 252 to 289 of syntatin-2 (STX-2), which 581 

incorporates the transmembrane domain along with the polybasic tail, was amplified 582 

from mouse cDNA by polymerase chain reaction (NEB, M0492L) using primers below:  583 

fwd:5’- atgaagaaagccatcaaataccagagc -3’;  584 

rev:5’- gcaccgatggagcccatcgagcctttgccaaccgacaagccaatg -3’.  585 

The sequence of ovalbumin was amplified from the plasmid using primers below:  586 

fwd: 5’- atgggctccatcggtgc -3’;  587 

rev: 5’- aggggaaacacatctgccaaag -3’.  588 

Using STX2252-289 and ovalbumin as templates, the membrane-tethered mOVA, in 589 

which STX2252-289 sequence is tagged to ovalbumin sequence, was further amplified 590 

using the primers below: 591 

fwd: 5’- tcagatctcgagctcaagcttatgaagaaagccatcaaataccagagc -3’ 592 

rev: 5’- tggtggcgaccggtggatcccggaggaagaacactaaggcagcaaaagagaag -3’ 593 
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The fragment was inserted into pmCherry-N1 vector using a One Step Cloning Kit 594 

(Vazyme, C112). 595 

Cell culture 596 

Cells were cultured at 37 °C with 5% CO2. NRK cells and HEK 293FT cells were grown 597 

in DMEM (Gibco, C11995500BT) supplemented with 10% (v/v) FBS (Biological 598 

Industries), 1% (v/v) glutamax (Gibco, 35050-061) and 1% (v/v) penicillin–599 

streptomycin. MCA-205 cells were grown in RPMI 1640 (Gibco, C11875500BT) 600 

supplemented with 10% (v/v) FBS, 1% (v/v) glutamax and 1% (v/v) penicillin–601 

streptomycin Vero-TMPRSS2 cells were maintained in DMEM supplemented with 10% 602 

(v/v) FBS and 50 IU/ml penicillin-streptomycin. ADSC cells and BMSC cells were 603 

grown in stem cell serum-free medium (CytoNiche, RMZ112). 604 

Cell transfection and cell line development 605 

For NRK cells, transfection was performed using electroporation (AMAXA, 606 

Nucleofector). For MCA-205 cells, transfection was performed using Lipofectamine 607 

3000 transfection reagent (Thermo Fisher Scientific, L3000015). In establish stable cell 608 

lines, the transfected cells underwent initial selection with Hygromycin B (Roche, 609 

10843555001) and were subsequently sorted into single colonies in 96-well plates via 610 

flow cytometry. 611 

Imaging 612 

Confocal imaging of live cells and isolated eMigrasomes was performed using a Nikon 613 

A1HD25 laser scanning confocal microscope. Cells were cultured in a confocal 614 

chamber (Cellvis, D35-20-1-N or D35C4-20-1.5-N) that had been pre-treated with 10 615 
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μg/ml fibronectin (F0895) and allowed to proliferate overnight (14-18 hours). For 616 

visualizing eMigrasomes, a small region in the confocal chamber was coated with a 10 617 

μl drop of 10 μg/ml fibronectin. Following aspiration of the fibronectin, a 10 μl drop of 618 

isolated eMigrasomes was dispensed into the coated area and left to settle for a 619 

minimum of 1 hour prior to imaging. To prevent evaporation, the chamber was sealed 620 

using parafilm. For immunofloresence assay, eMigrasomes were settled at 4 °C 621 

overnight and then fixed by 2% PFA. Nonspecific binding was blocked by incubating 622 

with 10% (v/v) FBS. eMigrasomes were then stained with a spike primary antibody 623 

(40150-D001, SinoBiological) for 1 hours at RT, triple washed with PBS and then 624 

stained with AlexaFlour647-conjugated secondary antibody. Samples were triple 625 

washed with PBS before imaging. 626 

Real-time hypotonic stimulation  627 

To observe the dynamics of migrasome-like structures and eMigrasomes, a custom-628 

made buffer displacement device was utilized (refer to Fig 1d). Essentially, three 629 

apertures were created on the lid of a confocal chamber to perfectly accommodate a 630 

silicon microinjection tube with an external diameter of 1.9 mm. The silicon 631 

microinjection tube was securely connected to a 1 ml syringe after the removal of its 632 

sharp needle. 633 

For a single-step stimulation process, two syringes were employed. One was kept empty, 634 

while the other was filled with the desired hypotonic buffer. During time-lapse imaging, 635 

the reservoir solution was aspirated using the empty syringe, and the hypotonic buffer 636 

was simultaneously injected from the other syringe. 637 
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In the case of stepwise stimulation, three syringes were deployed. The first was loaded 638 

with the initial buffer from the reservoir and was used to withdraw the reservoir solution. 639 

The second syringe contained deionized water (ddH2O) and was used to add a specific 640 

volume of water at each step. The third syringe, which was empty, was used to ensure 641 

thorough mixing of the reservoir solution after each stimulation event. 642 

Drug treatment 643 

For SMS2 inhibition, 30 min post seeding of the cells, the culture medium was gently 644 

replaced with fresh medium containing either 25 μM SMS2-IN-1 (MCE, HY-102041) 645 

or 0.25 (v/v) % DMSO. Cells were treated for 16 hrs prior to imaging. 646 

For cholesterol extraction from in situ or isolated eMigrasomes, h-KDPBS containing 647 

10 mM MβCD (Sigma, 332615) or 10 (v/v) % ddH2O was applied. For in situ 648 

eMigrasomes, z-stack images were collected after 30 min incubation at 37 °C. For 649 

isolated eMigrasomes, buffer containing MβCD or ddH2O was applied using the real-650 

time stimulation device described above. A 20-min time-lapse imaging session was 651 

performed to capture the process of morphological changes in eMigrasomes. 652 

Permeability assay 653 

Isolated eMigrasomes were diluted in h-KPBS-BSA, containing 5 μg/ml of Cy5 and 25 654 

μg/ml of 40kDa Dextran-TMR (D1842). A droplet of the eMigrasome solution was 655 

prepared and imaged following the procedure described previously. 656 

Ion replacement assay 657 

The standard formulation of DPBS is 138 mM NaCl, 8.1 mM Na2HPO4, 2.7 mM KCl, 658 

1.5 mM KH2PO4. In the ion replacement assay, as referenced in Figure S1d and S1e, 659 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 30, 2025. ; https://doi.org/10.1101/2024.03.13.584850doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.13.584850
http://creativecommons.org/licenses/by/4.0/


37 
 

the 138 mM NaCl in DPBS was substituted with equal molar KCl, CsCl or Choline 660 

chloride. The other three components were not changed.  661 

The K-DPBS formulation utilized for eMigrasome production contains 140.6 mM KCl, 662 

1.5 mM KH2PO4, 8.1 mM K2HPO4. 663 

Induction and purification eMigrasomes 664 

It's important to underscore that several critical parameters, such as the seeding density, 665 

the working concentration of latrunculin A, and the incubation period, along with the 666 

hypotonic gradient, should be individually optimized for each cell type. The quantities 667 

of cells and reagents utilized should be modulated according to the flask size (examples 668 

are provided in the following table). 669 

Cell type NRK MCA-205 ADCS BMSC 

Seeding density (cells / cm2) 1.5 x 104 3 x 104 2 x 104 2 x 104 

Latrunculin A concentration (μM) 2 2 0.6 0.6 

Latrunculin A incubation time (min) 10 45 20 20 

Reduced osmolarity per step 1/6 1/4 1/6 1/6 

In the following method, the purification of eMigrasomes from NRK cells cultured in 670 

a single T75 flask (NEST, 708003) is used as a representative example. Three major 671 

steps include cell preparation, eMigrasome induction and purification.  672 

I. Cell Preparation 673 

A T75 flask was coated with 4 μg/ml of fibronectin. 1x106 Cells were seeded into the 674 

pre-coated flask, allowed to grow for 14-16 hours.  675 

II. eMigrasome induction 676 
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Cortical actin disruption was achieved by discarding the culture medium and rinsing 677 

the cells once with PBS. Then, 7.5 ml of K-DPBS containing 2 μM of Latrunculin-A 678 

was added to the flask. The cells were incubated at 37°C in a 5% CO2 atmosphere for 679 

10 minutes. 680 

Hypotonic stimulation was performed by placing the flask on an orbital shaker inside 681 

the CO2 incubator and adjusting the speed to 40 rpm. The stimulation was progressively 682 

introduced by adding 1.5 ml, 1.8 ml, or 2.2 ml of deionized water at three-minute 683 

intervals. Following this, the speed of the orbital shaker was increased to 60 rpm for 684 

five minutes. 685 

III. eMigrasome purification 686 

First, the bubbles were harvested using the following procedure. The supernatant 687 

containing cell bodies was discarded. The flask's bottom was gently washed once with 688 

hK-DPBS (60% K-DPBS matching the current osmolarity). Subsequently, 4 ml of hK-689 

DPBS-BSA (60% K-DPBS containing 1 mg/ml BSA) was added to the flask. Gentle 690 

pipetting was employed to detach the eMigrasomes, and the resultant solution was 691 

collected into a conical tube. This step was repeated once, and the collected solutions 692 

were combined. 693 

To remove the remaining cell bodies, a process of differential centrifugation and 694 

gravity-dependent filtration was used. Initially, the solution was centrifuged at 300 x g 695 

at 4°C for 10 minutes, after which the supernatant was collected. The same process was 696 

repeated at 500 x g for 10 minutes. The collected supernatant was poured into a filter 697 

cup containing a pre-rinsed 6 μm parylene filter (Hangzhou Branemagic Medical 698 
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Technology, F-PAC007). The filter was pre-rinsed with 100% ethanol followed by hK-699 

DPBS-BSA. The flow-through was then collected in a low-protein-binding conical tube 700 

(Eppendorf, 0030122240). 701 

To concentrate the eMigrasomes, the solution was centrifuged at 20,000 x g at 4°C for 702 

30 minutes. In the event of a large volume, a longer time may be necessary. The 703 

supernatant was discarded, and the eMigrasome pellet was resuspended in PBS. The 704 

protein concentration was determined using a BCA analysis, and the PBS volume was 705 

adjusted to reach the desired eMigrasome concentration. For long-term storage, it was 706 

recommended that the eMigrasomes were stored as a pellet, with a small volume of hK-707 

DPBS-BSA to cover it. This measure was adopted to minimize eMigrasome loss due 708 

to container adsorption. 709 

Negative staining TEM 710 

Isolated eMigrasomes underwent fixation by the addition of an equal volume of 2.5% 711 

glutaraldehyde (GA). A droplet of the fixed eMigrasome sample was deposited onto a 712 

copper grid for 15 minutes. Excess sample was blotted off with filter paper. The grid 713 

was promptly washed with a droplet of double distilled water (ddH2O), stained with 1% 714 

uranyl acid for one minute, and then further washed with two droplets of ddH2O. 715 

Remaining water was blotted off using filter paper and the grid was allowed to air-dry 716 

fully before imaging was conducted via transmission electron microscopy (TEM). 717 

Cryo-EM sample preparation and image acquisition 718 

Quantifoil Cu grids (200 mesh, R2/2) underwent glow-discharging using a plasma 719 

cleaning device (PDC-32G, Harrick Plasma). Each EM grid was applied with 4 µl 720 
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sample and vitrified by plugging into liquid ethane using the Vitrobot Mark IV system 721 

(Thermo Fisher Scientific). The cryo-EM samples were examined using an FEI Tecnai 722 

Arctica 200 kV transmission electron microscope, and images were captured at a 723 

magnification of 23.5 kx using an FEI Falcon II direct electron detector, with a dose 724 

approximately around 15 e−Å−2.  725 

eMigrasome quantification using flow cytometry 726 

Isolated eMigrasomes were suspended in h-KDPBS containing 1 μg/ml Wheat Germ 727 

Agglutinin (WGA, Thermo, W11262). Various dilutions were prepared to ensure at 728 

least one dilution had a concentration ranging from 1000 to 10000 eMigrasomes per μl. 729 

Data were collected using a CytoFlex LX cytometer (Beckman). The threshold for 730 

forward scatter (FSC) was manually set to 4000 to detect small particles. Events that 731 

were double positive for B525-FITC and Y610-mcherry were gated as eMigrasomes. 732 

Size analysis by Hough Circle Transforming 733 

Size analysis of isolated eMigrasomes was conducted using ImageJ, complemented by 734 

the Hough Circle Transform plugin. Sum slices processing of Z-stack was applied to 735 

the 488 channel of the confocal images, representing the fluorescence signal from 736 

Tspan4-GFP. The image was subsequently converted to an 8-bit grayscale. Edge 737 

detection was performed using the "Find Edges" function to identify individual 738 

eMigrasomes. Subsequently, the "Threshold" function was applied to encompass the 739 

majority of the fluorescent signal from the eMigrasomes. Hough Circle Transform 740 

analysis was then utilized with the following parameters: Easy mode; Minimum = 3 741 
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pixels; Maximum = 24 pixels; Hough score threshold = 0.9. All output options were 742 

selected. 743 

Immunoblotting 744 

Cells or eMigrasomes were subjected to lysis using a 2% SDS solution in 50 mM Tris 745 

buffer, followed by heating at 95 °C. The protein concentration of the samples was 746 

assessed using a BCA kit (Vazyme, E112-02-AB). The lysates were diluted to the 747 

desired concentration and then denatured via the addition of loading buffer (Beyotime, 748 

P0015). The proteins were segregated by SDS-PAGE electrophoresis (Epizyme, PG112 749 

or Yeasen, 36255ES10), and subsequently transferred to a 0.45 μm PVDF membrane 750 

(Millipore, IPVH00010) in accordance with a standard protocol. The blot was blocked 751 

with 5% milk in TBST and left to incubate overnight with the primary antibody at 4 °C. 752 

The blot was then washed thrice with TBST and incubated with the secondary antibody 753 

at room temperature for 1 hour. Finally, the blot underwent three more washes prior to 754 

signal detection via chemiluminescence imaging (CYANAGEN, XLS070P or Thermo, 755 

34075), utilizing a ChemiDoc MP Imaging System (Biorad). 756 

Primary antibodies used for immunoblotting included: anti-integrin α5 (CST, 4705T), 757 

anti-Na-K-ATPase (CST, 3010S), anti-histone H3 (CST, 4499S), anti-lamp2 (Sigma), 758 

anti-calnexin (abcam, ab22595). anti-GFP (Roche, 11814460001 or abcam, ab290), 759 

anti-GAPDH (Proteintech, 60004-1-Ig), anti-TIM23 (BD, 611222), anti-S1 (Sinobio, 760 

40591-MM42), anti-ovalbumin (santa cruz, sc80587 or abcam, ab181688), anti-761 

mCherry (abcam, ab125096). Primary antibodies were diluted using Solution 1 (Takara, 762 

NKB-101). Secondary antibodies used for immunoblotting included peroxidase 763 
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AffiniPure Goat Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch, 111-035-003) and 764 

peroxidase AffiniPure Goat Anti-Mouse IgG (H+L) (Jackson ImmunoResearch ,115-765 

035-003). Secondary antibodies were diluted using 5% milk in TBST. 766 

Mice 767 

WT C57BL/6 (Jax 000664) specific-pathogen-free (SPF) mice were procured from the 768 

Laboratory Animal Center of Tsinghua University, China. The OT-II (Jax 004194) 769 

mice were donated by Dr. Yan Shi. All the mice were bred and maintained under SPF 770 

conditions at the Laboratory Animal Center of Tsinghua University, in accordance with 771 

the National Institute of Health Guide for the Care and Use of Laboratory Animals. 772 

Immunization 773 

For systemic immunization, mice were intravenously administered eM-OVA dissolved 774 

in 100 µL PBS, or intraperitoneally administered a mixture containing 50 μg OVA in 775 

50 μL PBS (Sigma; A5503) and 50 μL Imject® Alum (Thermo; 77161). For nasal 776 

immunization, mice were anesthetized using isoflurane and subsequently intranasally 777 

administered 20 μg eM-OVA dissolved in 30 μL PBS. For subcutaneous immunization, 778 

20 μg eM-OVA in 100 µL PBS was administered through injections on both sides of 779 

the buttock. 780 

Enzyme linked immunosorbent assay (ELISA) 781 

Serum was prepared from whole blood by centrifugation. The levels of antigen-specific 782 

antibody were determined using a direct ELISA method. Briefly, a 96-well plate were 783 

coated overnight at 4 °C with antigen (2 μg/mL). The wells were then blocked with 784 

PBS containing 10 % fetal calf serum before the addition of serially diluted serum. 785 
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Horseradish peroxidase-conjugated secondary antibodies were incubated for 1 hour at 786 

room temperature. Between each step, wells were washed with PBST. The colorimetric 787 

reaction was carried out using the 1-Step Ultra TMB-ELISA Substrate. The reaction 788 

was stopped with 2 N H2SO4, and absorbance at 450 nm was read using a multimode 789 

reader. For quantification of OVA-IgG and Spike-IgG, a standard curve was generated 790 

using serially diluted anti-OVA antibody (Santa Cruz; sc-80589) and anti-Spike 791 

antibody (Sino Biological; 40591-MM42), respectively.  792 

Fluorescence-based neutralization test 793 

Mouse sera were heat-inactivated at 56°C for a duration of 30 min. The indicated 794 

dilutions of samples were mixed with 2x102 FFU (Focus Forming Units) of VSV-795 

Venus-SARS-CoV-2 and incubated for 1 h at a temperature of 37°C. The mixture of 796 

serum and virus were then added to Vero-TMPRSS2 cells grown on 96-well plates, and 797 

incubated at 37°C for about 40 hours. The cells were then harvested and fixed in a 4% 798 

paraformaldehyde solution for 20 min at room temperature. The fixed cells were 799 

resuspended in PBS and analyzed using a LSRFortessa SORP (BD Biosciences) and 800 

FlowJo software. 801 

The Vero-TMPRSS2 cell line, which was constructed based on Vero (ATCC CCL-802 

81™), stably expressed the TMPRSS2 (Transmembrane Serine Protease 2) protein to 803 

enhance the entry of the SARS-CoV-2 spike. 804 

Statistical analysis  805 

All data were subjected to analysis using GraphPad Prism statistical software. Unpaired 806 

two-tailed t-tests or paired two-tailed t-tests were employed for the data analysis. The 807 
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results are represented as the mean ± standard error of the mean (s.e.m.). A P value of 808 

less than 0.05 was deemed to indicate statistical significance. 809 
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