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Abstract 28 

Immediate iron restriction by the host is a critical process to protect against bacterial infections. 29 

Although the cell-dependent iron sequestration mechanism in liver or spleen has been identified, it 30 

is still unclear that whether the host launched humoral regulation mechanism to promptly acquire 31 

iron that widely distributes throughout body fluids. Here, we showed that after bacterial invasion, 32 

host immediately releases nanosized exosomes to capture circulating iron-containing proteins, 33 

which is required for prompt systemic iron sequestration and antibacterial defense. Mechanistically, 34 

in a sepsis model, we found that Salmonella Typhimurium induces endoplasmic reticulum stress in 35 

macrophages and activates inositol requiring enzyme 1α (IRE1α) signaling, triggering lysosomal 36 

dysfunction and promoting exosome release. These exosomes bearing transferrin receptors, CD163 37 

and CD91 bind multiple iron-containing proteins, prevent bacteria from iron acquisition, and 38 

recycle them to tissue-resident macrophages, ultimately sequestering iron and protecting against 39 

infection. Our findings reveal a previously unknown humoral regulation mechanism of iron 40 

metabolism during bacterial infection, and suggest the release and circulation of extracellular 41 

vesicles could be an important way to promptly regulate systemic ion metabolism. 42 

 43 
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Introduction 57 

Bacterial infection can lead to bacteremia or even sepsis, threatening human life in serious cases1. 58 

Since iron participates in critical biological processes including nucleic acid synthesis, electron 59 

transport and redox reactions2 in both host and bacterial pathogens, the host immediately restricts 60 

the availability of iron after bacterial invasion and thereby limits the infection, which termed 61 

nutritional immunity2. It has been well proved that liver- and spleen-resident macrophages take up 62 

iron-containing proteins via membrane receptors, including transferrin receptor (TfR), LDL-related 63 

protein 1 (CD91), and hemoglobin-haptoglobin receptor (CD163), which bind transferrin-bound 64 

iron, heme-hemopexin, and hemoglobin-haptoglobin, respectively, to recycle and sequester iron 65 

and thus starve bacteria3, 4. These studies focus on cell-dependent regulation of iron metabolism. 66 

Given that the iron-containing proteins existing in body fluid may be distant from tissue-resident 67 

macrophages and can be acquired by the invading bacteria2, it is reasonable to hypothesize that the 68 

host had evolved undiscovered humoral regulation mechanisms to promptly acquire and recycle 69 

the circulating iron for rapid iron sequestration. 70 

 71 

Exosomes are extracellular vesicles with diameters of 40-150 nm and are released by cells into 72 

multiple body fluids5, 6, while the role of exosomes in infection are largely unknown. Interestingly, 73 

emerging evidence indicates that exosome release during infection may be associated with iron 74 

metabolism. First, several studies have found that circulating exosomes highly increase in response 75 

to bacterial infection7, 8. In addition, circulating exosomes are captured mainly by liver or spleen 76 

macrophages9, which is consistent with the route of iron recycling by the host during bacterial 77 

infection. Moreover, exosomes can inherit the membrane characteristics of their parent cells10, 11, 78 

which indicates that exosomes released from liver or spleen macrophages may contain membrane 79 

receptors to bind iron-containing proteins. Interestingly, regarding the physical properties, the 80 

nanosized exosomes show a high diffusion coefficient, and a high surface-to-volume ratio which 81 

is related to superior adsorptive capacity. These properties facilitate exosomes to diffuse rapidly 82 

and affect distant cells or tissues12, and to protect host cells by serving as decoys that bind bacterial 83 

toxin13. Therefore, we hypothesize that exosomes released by the host could bind and preserve iron-84 



containing proteins, then recycle them back to macrophages, serving as circulating humoral “iron 85 

catchers” to prevent bacteria from iron acquisition. 86 

 87 

In this study, we found Salmonella Typhimurium (S.Tm) induces endoplasmic reticulum stress 88 

(ERS) of host macrophages and activates inositol requiring enzyme 1α (IRE1α) signaling, 89 

triggering lysosomal dysfunctions and promoting exosome release. These exosomes bearing 90 

receptors such as transferrin receptor bind iron-containing proteins, prevent bacteria from iron 91 

acquisition, and recycle iron to tissue-resident macrophages, ultimately protecting against infection 92 

(Graphical Abstract). Taken together, these findings reveal a previously unknown humoral 93 

regulation mechanism of iron metabolism during bacterial infection, broaden the knowledge of iron 94 

metabolism as cellular and humoral manner. The findings also reveal the role of exosomes in 95 

nutritional immunity, and suggest the release and circulation of extracellular vesicles could be an 96 

important way to promptly regulate systemic ion metabolism. 97 

 98 

 99 



Results 100 

Host exosome release is required for prompt iron sequestration and resistance to bacterial 101 

infection 102 

Immediate restriction of iron has been viewed as a critical innate defense mechanism against 103 

bacterial infection14. We first confirmed the changes in iron distributions in mice infected with 104 

S.Tm, a gram-negative bacterium, frequently causes microbial sepsis15. As expected, the number 105 

of S.Tm increased quickly in blood after infection (Extended Data Fig.1a), and the serum iron 106 

level declined markedly, while hepatic and splenic iron levels significantly increased (Extended 107 

Data Fig.1b), similar to prior studies showing an alteration in iron distributions after S.Tm 108 

infection16, 17. Importantly, we found that the exosome concentration in serum was upregulated at 109 

3 hours after infection and continued to increase within 24 hours (Extended Data Fig.1c), 110 

suggesting that immediately elevating exosome level is a feature of host response to infection. To 111 

explore the biodistribution of serum exosomes, the DiR-labeled exosomes were intravenously 112 

injected into mice. Ex vivo fluorescent imaging revealed that most of the infused exosomes homed 113 

to the liver or spleen (Extended Data Fig.2a). Furthermore, confocal images showed that the 114 

infused exosomes were mainly taken up by liver or spleen F4/80+ macrophages (Extended Data 115 

Fig.2b and 2c). These data suggest that the biodistribution of circulating exosomes is consistent 116 

with that of systemic iron after bacterial infection. However, the role of infection-induced host 117 

exosome release in iron metabolism and infection outcomes is still unknown. 118 

 119 

To answer this question, we used GW4869, which has been successfully utilized to inhibit exosome 120 

release in vitro and in vivo18, 19, to block host exosome release during infection (Fig.1a). The results 121 

showed that, S.Tm-induced elevation of circulating exosomes was significantly inhibited in mice 122 

subjected to GW4869 pretreatment (Fig.1b). Moreover, compared to S.Tm-infected mice, serum 123 

iron level significantly increased in S.Tm-infected mice pretreated with GW4869 (Fig.1c). These 124 

findings demonstrate that blockade of exosome release disrupts iron sequestration in mice during 125 

infection. 126 



Next, we investigated the effects of exosome release blockade on the host defense response to 127 

infection. We found that, compared to S.Tm-infected mice, the viable count of S.Tm increased 128 

markedly in blood of S.Tm-infected mice pretreated with GW4869 (Fig.1d). Histologic 129 

examination of the liver showed inflammatory infiltration at 12 hours after bacterial infection. 130 

Severe liver injury was found at 4 days after S.Tm infection compared to uninfected control mice, 131 

shown by gross lesions accompanied by inflammatory infiltration and elevated histological scores 132 

(Fig.1e). More importantly, the infected mice pretreated with GW4869 showed large areas of 133 

extensive cellular necrosis with loss of hepatic architecture and more severe inflammatory cell 134 

infiltration (Fig.1e). Liver injury was also examined by measuring the levels of aspartate 135 

aminotransferase (AST) and alanine aminotransferase (ALT) in serum. Compared with uninfected 136 

control mice, S.Tm-infected mice showed elevated levels of ALT and AST in the sera. Pretreatment 137 

with GW4869 significantly enhanced serum ALT and AST levels in the infected mice (Fig.1f). 138 

Next, morphological changes in the spleen were investigated. At 12 hours after infection, no 139 

obvious histological alterations were observed in the spleen (Fig.1g). At 4 days after infection, the 140 

spleens from the infected mice displayed a distinctly irregular histology, and a significant loss of 141 

the distinct borders between the red and white pulp regions. Moreover, the infected mice pretreated 142 

with GW4869 exhibited more severe spleen injuries and elevated histological scores (Fig.1g). 143 

Splenomegaly is common following bacterial infection. Accordingly, we found S.Tm infection 144 

increased the spleen weight with significant increase in spleen weights observed in the GW4869-145 

pretreated group (Fig.1h). As long-term mortality is associated with sustained injury, survival 146 

experiments were performed20. Compared with PBS treated control mice, S.Tm-infected mice or 147 

S.Tm-infected mice pretreated with GW4869 showed 100% mortality, while GW4869 pretreatment 148 

greatly shortened the mouse survival time (Fig.1i). These results suggest that blockade of host 149 

exosome release disturbs iron sequestration, increases iron availability, and worsens the outcomes 150 

of infection.151 



 152 
Fig. 1 Blockade of host exosome release increases the susceptibility of mice infected with S.Tm. 153 

a, Schematic diagram of the experimental procedure. To evaluate the effects of exosome release blockade on the 154 

host defense response to infection, S.Tm-infected mice were pretreated with GW4869 to block exosome release. 155 

(b-d), The control mice, S.Tm-infected mice, and S.Tm-infected mice pretreated with GW4869 were euthanized 156 

at 12 hours after S.Tm infection for further analysis. b, The concentration of exosomes in serum. n = 6 mice. c, 157 

The iron level in serum. n = 6 mice. d, Viable count of S.Tm in the blood. n=6 mice. e, H&E staining of 158 

representative liver sections and the associated histological scores at 12 hours or day 4 after infection. Scale bar, 159 

50 µm. n = 6 mice. f, ALT and AST levels in the serum at day 4 after infection. n = 6 mice in the control group. 160 

n = 3-5 mice in other groups. g, H&E staining of representative tissue sections of spleen at 12 hours or day 4 161 

after infection, and the associated histological scores. Scale bar, 250 µm. n = 6 mice. h, The spleen weights at 162 

day 4 after infection. n = 6 mice. i, Survival rates of mice. n = 6 mice. For b-h, data are presented as the mean ± s.d. 163 

For b-f, and h, statistical significance was assessed by one-way ANOVA with Tukey’s post-hoc test. For g, 164 

statistical significance was assessed by the Kruskal-Wallis test. For i, statistical significance was performed using 165 

the log-rank test. *p < 0.05, **p < 0.01, ns, not significant. 166 



We further investigated the role of host exosomes in iron metabolism and infection defense. We 167 

first isolated exosomes from the serum of uninfected or S.Tm-infected mice by ultracentrifugation. 168 

The isolated exosomes were both positive for the exosome markers CD63, CD81, TSG101 and 169 

Alix but lacked the mitochondrial marker calnexin (Fig.2a). NTA showed that more than 90% of 170 

the exosomes were within the 30-120 nm range, and the mean size of exosomes derived from the 171 

serum of uninfected mice or S.Tm-infected mice were 110 nm and 116 nm, respectively (Fig.2b). 172 

A typical circular or elliptical morphology was also visible in TEM images (Fig.2c). These data 173 

show that S.Tm infection does not substantially affect the marker expression, size or shape of 174 

exosomes in serum. Next, to investigate the functions of exosomes, GW4869-pretreated infected 175 

mice were intravenously injected with exosomes derived from uninfected or S.Tm-infected mouse 176 

serum (Fig.2d). Administration of exosomes caused markedly decreased levels of iron in serum, 177 

especially in mice treated with exosomes derived from infected mouse serum (Fig.2e). We also 178 

found that exosome treatment resulted in decreased number of bacteria in the blood, which was 179 

more evident in mice treated with exosomes derived from infected mouse serum (Fig.2f). 180 

Regarding the histological analysis, at 4 days but not 24 hours post-infection, the S.Tm-infected 181 

mice pretreated with GW4869 developed substantial liver (Fig.2g) and spleen injury (Fig.2h). 182 

However, exosome administration could ameliorate liver and spleen injury. In particular, compared 183 

to exosomes from uninfected mouse serum, exosomes from S.Tm-infected mouse serum more 184 

effectively improved hepatopathological changes such as attenuated liver injury area and 185 

inflammatory infiltration (Fig.2g), alleviated pathological lesions and improved splenic structure 186 

in the spleen (Fig.2h). Meanwhile, treatment with exosomes derived from infected mouse serum 187 

significantly reduced liver (Fig.2g) and spleen injury scores (Fig.2h) and alleviated spleen 188 

enlargement (Fig.2i). Importantly, exosome treatment also improved survival under sepsis. While 189 

most of the GW4869-pretreated septic mice died within 5 days, GW4869-pretreated septic mice 190 

treated with serum exosomes had a higher survival rate, especially in the mice treated with 191 

exosomes derived from S.Tm-infected mouse serum (Fig.2j). These data demonstrate that bacterial 192 

infection induces immediate release of exosomes, facilitating prompt iron sequestration and 193 

protecting against bacterial infection. 194 



 195 
Fig. 2 Supplementation with serum exosomes decreases the infection severity by S.Tm in exosome release-196 

deficient mice. 197 

(a-c), The mice were intraperitoneally injected with S.Tm for 24 hours and the serum was collected. Exosomes 198 

were isolated from the uninfected mouse serum (Serum-Exo group) or S.Tm-infected mouse serum 199 

[Serum(S.Tm)-Exo group] and characterized. a, Western blot analysis of the exosome markers Alix, CD81, CD63 200 

and TSG101, and the negative mitochondrial marker calnexin. b, NTA analysis of the concentration and size 201 

distribution of exosomes. c, TEM analysis of exosomes. Scale bar, 50 nm. d, Schematic diagram of the in vivo 202 

experimental procedure. Exosomes were isolated from uninfected mouse serum or S.Tm-infected mouse serum 203 

(Step 1). To investigate the role of host exosomes in iron metabolism and infection outcomes, GW4869-pretreated 204 

S.Tm-infected mice were injected with exosomes derived from uninfected mouse serum (Serum-Exo group) or 205 

exosomes derived from S.Tm-infected mouse serum [Serum(S.Tm)-Exo group], and the mice were euthanized 206 



for further analysis (Step 2). e, The iron level in serum. n = 6 mice. f, Viable count of S.Tm in blood. n = 6 mice. 207 

g, h, Representative H&E staining of the liver (g) and spleen (h) at 24 hours or day 4 after S.Tm infection and 208 

quantitative analysis of histological scores. Scale bar, 50 μm (g) and 250 μm (h). n = 6 mice. i, The spleen weight 209 

at day 4 after infection. n = 6 mice. j, Survival rate of mice. n=6 mice. For e-i, data are presented as the mean ± s.d. 210 

For e, statistical significance was assessed by the Kruskal-Wallis test. For f-i, statistical significance was assessed 211 

by one-way ANOVA with Tukey’s post-hoc test. For j, statistical significance was performed using the log-rank 212 

test. *p < 0.05, **p < 0.01, ns, not significant. 213 

 214 

We next investigated which kind of cells could release exosomes that have iron metabolism 215 

regulation functions. It has been proven that macrophages have a precise regulatory system to 216 

maintain iron homeostasis during bacterial infection21. Therefore, we utilized primary bone 217 

marrow-derived macrophages (BMDM), a model widely used as prototypical macrophages for in 218 

vitro studies22, to investigate exosome functions. We isolated and characterized exosomes from 219 

supernatants of BMDM treated with S.Tm or PBS. Analysis of marker expression (Extended Data 220 

Fig.3a), particle size (Extended Data Fig.3b), and morphology (Extended Data Fig.3c) showed 221 

that the isolated BMDM-exosome fractions were pure and that S.Tm infection did not alter the 222 

general properties of the exosomes. Next, these exosomes were systemically injected into infected 223 

mice pretreated with GW4869 (Extended Data Fig.3d). The serum iron levels declined markedly 224 

only in infected mice injected with exosomes derived from S.Tm-treated BMDM (Extended Data 225 

Fig.3e). Concomitantly, the number of S.Tm decreased markedly in blood (Extended Data Fig.3f). 226 

The administration of exosomes derived from infected BMDM reduced the liver (Extended Data 227 

Fig.3g) and spleen injury (Extended Data Fig.3h, i). Ultimately, the injection of exosomes from 228 

infected BMDM extended the survival of septic mice pretreated with GW4869 (Extended Data 229 

Fig.3j). These results demonstrate that exosomes released by macrophages are involved in iron 230 

sequestration, and protect against infection. 231 

 232 

Host exosomes bearing multiple iron-related receptors bind iron 233 

We next determined how host exosomes facilitate iron sequestration. During bacterial infection, 234 

macrophages take up iron or iron-containing molecules via receptors, including TfR, CD91, and 235 

CD16323. Given that we found exosomes released by S.Tm-infected BMDM participating in iron 236 



sequestration, we wondered whether exosomes released by macrophages expressed these iron-237 

related receptors and directly bound iron or iron-containing molecules. We hypothesized that 238 

exosome-based iron sequestration could serve as an efficient strategy for promptly iron recycling 239 

during infection. We therefore isolated exosomes form mouse serum and BMDM culture 240 

supernatants, and detected iron-related receptor expression. We found that exosomes derived from 241 

serum (Fig.3a, left) or BMDM (Fig.3a, right) expressed TfR, CD91, and CD163, which were 242 

significantly upregulated under S.Tm infection conditions. Further determination of TfR, CD91, 243 

and CD163 localization was performed by immunoelectron microscopy24, and the results showed 244 

that TfR, CD91, and CD163 were present on the surface of serum exosomes (Fig.3b) or BMDM-245 

derived exosomes (Fig. 3c).  246 

 247 

Next, we determined whether these exosomes bind iron or iron-containing molecules to sequester 248 

iron in serum for inhibiting bacterial growth. Exosomes derived from infected or uninfected mouse 249 

serum were added to the exosome-depleted mouse serum. After incubation, the added exosomes 250 

were isolated by ultracentrifugation, and serum supernatant was collected for iron amount analysis 251 

or for S.Tm culture (Fig.3d). The results showed that the addition of exosomes derived from S.Tm-252 

infected mouse serum but not uninfected mouse serum induced significant decrease in iron levels 253 

(Fig.3e), which may be because exosomes derived from the infected mouse serum expressed higher 254 

levels of iron-related receptors (Fig.3a, left) and could bind iron-containing molecules. In the host, 255 

Fe exists in multiple forms including transferrin, ferritin, hemoglobin, and other iron-containing 256 

proteins25. Transferrin is the major iron shutter in the circulation26 and is a critical source of iron 257 

for bacteria during infection27. Given that TfR expression in exosomes from infected mice was 258 

significantly upregulated (Fig.3a, left), we next determined the ability of exosomes to bind 259 

transferrin. After exosome incubation, the transferrin concentration was decreased in the serum 260 

supernatant (Fig.3f). The incubation of exosomes derived from infected mouse serum caused a 261 

greater decrease in transferrin concentration (Fig.3f). In addition, to further prove the binding 262 

ability of exosomes, the added exosomes were isolated, and the transferrin level in the exosomal 263 

fraction was measured. The results showed that the transferrin level in exosomes derived from 264 



infected mouse serum was significantly higher than that in exosomes derived from uninfected 265 

mouse serum (Fig.3g). These results demonstrate that exosomes sever as “iron catchers” via 266 

membrane-bearing receptors such as TfR. To further determine whether exosomes could protect 267 

the captured iron from bacterial acquisition, exosomes derived from infected mouse serum were 268 

incubated with S.Tm. The fluorescence images showed rare uptake of exosomes by S.Tm (Fig.3h), 269 

which indicated that S.Tm could not directly acquire iron by exosome uptake. Therefore, these data 270 

demonstrate that exosomes can prevent bacteria from iron acquisition. 271 

 272 

The S.Tm is a highly iron-dependent bacterial pathogen28. As exosomes derived from infected 273 

mouse serum induced the significant decrease in iron and transferrin levels in serum supernatant 274 

(Fig.3e, f), we then determined whether this serum supernatant is unfavorable for bacterial growth 275 

after exosomes binding iron. Serum supernatant after incubation with exosomes derived from 276 

infected mouse serum was inoculated with S.Tm (Fig.3d), and significant differences in their 277 

growth curves were observed, including in the overall pattern of the growth curve, lag phase and 278 

peak doubling time (Fig.3i). We found that, compared with control serum, S.Tm grew more slowly 279 

in the serum supernatant which was incubated with exosomes derived from infected mouse serum 280 

(Fig.3i), while supplementation with iron-dextran in this serum supernatant partially recovered 281 

S.Tm growth (Fig.3i). We then performed the same experiment to detect whether the exosomes 282 

derived from infected BMDM had the ability to bind iron or iron-containing molecules. Meanwhile, 283 

to prove certain receptor-mediated iron binding, before S.Tm infection, BMDM were transfected 284 

with TfR siRNA to knockdown the expression in exosomes (Extended Data Fig.4). The results 285 

showed that exosomes derived from infected BMDM induced greater decreases in total iron (Fig.3j) 286 

and transferrin levels (Fig.3k) than exosomes derived from uninfected BMDM or infected BMDM 287 

with TfR knockdown. After incubation in serum, the transferrin level in isolated exosomes derived 288 

from infected BMDM was also significantly higher than that of exosomes derived from uninfected 289 

BMDM or infected BMDM with TfR knockdown (Fig.3l). Similarly, S.Tm grew more slowly in 290 

the serum supernatant which was incubated with exosomes derived from infected BMDM (Fig.3m). 291 

These results suggest that exosomes released during infection inhibit S.Tm growth by binding iron. 292 



 293 
Fig. 3 TfR-, CD163-, and CD91-bearing exosomes derived from S.Tm-infected serum or BMDM bind iron. 294 

(a-c), Normal mice were intraperitoneally injected with S.Tm for 24 hours and serum exosomes were isolated. 295 

BMDM were infected with S.Tm for 24 hours in vitro and supernatant exosomes were isolated. a, Western blot 296 

analysis of TfR, CD163, CD91 and TSG101 expression in exosomes derived from uninfected or infected mouse 297 

serum (left), and in exosomes released from uninfected or infected BMDM (right). b, Immunoelectron 298 

microscopy detection of TfR, CD163, CD91 and isotype control IgG antibodies in exosomes derived from 299 

uninfected or infected mouse serum. Scale bar, 50 nm. c, Immunoelectron microscopy detection of TfR, CD163, 300 

and CD91 in exosomes derived from uninfected or infected BMDM. Scale bar, 50 nm. d, Schematic diagram of 301 

the experimental design to test the ability of exosomes to bind iron in serum. Serum was incubated with exosomes 302 

derived from uninfected mouse serum (Serum-Exo group) or infected mouse serum [Serum(S.Tm)-Exo group] 303 

for 12 hours. Then the exosomes were isolated by ultracentrifugation. The exosomal fraction and serum 304 

supernatant were used for further analysis. e, f, Total iron levels (e) and transferrin levels (f) in the serum 305 

supernatant. n = 3 biologically independent samples. g, Transferrin levels in exosomal fractions derived from 306 



uninfected or infected mouse serum. n = 3 biologically independent samples. h, Representative fluorescence 307 

images of S.Tm expressing mCherry (red) incubated with exosomes (green) derived from infected mouse serum. 308 

Scale bars, 10 μm. n = 3 biologically independent samples. i, Growth curve of S.Tm in serum supernatant. n = 5 309 

biologically independent samples. j-m, Serum was incubated with exosomes released from BMDM (BMDM-310 

Exo group), BMDM infected with S.Tm [BMDM(S.Tm)-Exo group] or infected BMDM transfected with TfR 311 

siRNA [BMDM(si-TfR)-Exo group]. Then the exosomes were isolated and serum supernatant was collected for 312 

analysis. j, k, Total iron levels (j) and transferrin levels (k) in the serum supernatant. n = 3 biologically 313 

independent samples. l, Transferrin levels in exosomal fraction. n = 3 biologically independent samples. m, 314 

Growth curve of S.Tm in serum supernatant. n = 5 biologically independent samples. For e-g and i-m, data are 315 

presented as the mean ± s.d. For e, f, j-l, statistical significance was assessed by one-way ANOVA with Tukey’s 316 

post hoc test. For g, statistical significance was assessed by unpaired two-tailed Student’s t test. For i and m, 317 

statistical significance was assessed by one-way ANOVA with Tukey’s post-hoc test and Kruskal-Wallis test. *p 318 

< 0.05, **p < 0.01, ns, not significant. 319 

 320 

We proved that the iron-related receptors, including TfR, CD91, and CD163, were upregulated in 321 

exosomes released from S.Tm-infected mice or BMDM, so we wondered whether this represents a 322 

general mechanism used by host cells to bind iron and limit iron access by bacteria. We next used 323 

gram-positive Staphylococcus aureus (S.a), which is an important cause of sepsis29, to infect mice 324 

and BMDM. Consistent with our findings, the expression levels of TfR, CD91, and CD163 in 325 

exosomes derived from serum (Extended Data Fig.5a left) or BMDM (Extended Data Fig.5a 326 

right) were all elevated after S.a infection. The immunoelectron microscopy images further 327 

confirmed the surface location of these receptors (Extended Data Fig.5b). We also detected the 328 

iron binding capacity of these exosomes in serum (Extended Data Fig.5c). Incubation with 329 

exosomes derived from S.a-infected mouse serum induced significant decrease in total iron 330 

(Extended Data Fig.5d) and transferrin levels (Extended Data Fig.5e) in serum supernatant. 331 

When the serum supernatant with lower iron levels was inoculated with S.a, the growth rates were 332 

significantly decreased (Extended Data Fig.5f). Therefore, we found that during bacterial 333 

infection, the levels of iron-related receptors including TfR, CD91, and CD163 in host exosomes 334 

are elevated for prompt iron sequestration, demonstrating a humoral regulation mechanism of iron 335 

metabolism. 336 

 337 

Host exosome-induced prompt hypoferremia protects against bacterial infection 338 



Although we found that exosome release is required for prompt iron sequestration and resistance 339 

to infection and that exosomes can bind iron-containing molecules, the protective effects generated 340 

by host exosomes during infection still require further clarification. During infection, serum iron 341 

content is downregulated in a timely manner by the host to induce hypoferremia30, which has been 342 

considered a critical defense mechanism to restrict iron availability to invading pathogens31, 32. We 343 

then determined whether the iron-binding capability of exosomes was involved in the development 344 

of rapid hypoferremia. To evaluate the protective effects of exosomes induced by S.Tm infection, 345 

we used heat-killed S.Tm (HKS.Tm) to induce host exosomes release while avoiding lethal 346 

virulence (Fig.4a). The HKS.Tm has been proven to be recognized by the same mechanism as 347 

salmonella33. As expected, compared with S.Tm-infected mice, pretreatment of HKS.Tm before 348 

S.Tm infection led a significant increase in exosomes in serum (Fig.4b). Moreover, infected mice 349 

pretreated with HKS.Tm led to a marked drop in serum iron (Fig.4c) and a decreased number of 350 

S.Tm in blood (Fig.4d). Compared with the liver and spleen injury induced by S.Tm infection, 351 

pretreatment with HKS.Tm attenuated liver (Fig.4e) and spleen injury (Fig.4f), accompanied by a 352 

reduction in injury scores. Pretreatment with HKS.Tm also significantly reduced S.Tm-induced 353 

splenomegaly (Fig.4g). In addition, most importantly, compared with S.Tm-infected mice, infected 354 

mice received HKS.Tm pretreatment lived significantly longer (Fig.4h). To further clarify the 355 

association between the protective effect and exosome release, we used GW4869 to inhibit 356 

exosome release (Fig.4b). GW4869 treatment significantly attenuated the downregulation of serum 357 

iron levels by HKS.Tm pretreatment (Fig.4c), which subsequently resulted in an increase in S.Tm 358 

number in blood (Fig.4d). Blockade of exosome release by GW4869 also strongly attenuated 359 

HKS.Tm-mediated protection in infected mice, including liver (Fig.4e) and spleen (Fig.4f, g) injury. 360 

Notably, compared with infected mice pretreated with HKS.Tm, GW4869 treatment significantly 361 

shortened the survival (Fig.4h). The above results demonstrate that during infection, elevated 362 

exosome levels cause prompt hypoferremia, which contributes to host defense against infection. 363 

 364 

To determine whether the protective effects generated by exosomes was due to iron restriction of 365 

bacterial growth, we utilized iron-dextran to increase serum iron levels in infected mice pretreated 366 

with HKS.Tm (Fig.4i). Compared to infected mice pretreated with HKS.Tm, iron-dextran treatment 367 



contributed to bacterial replication and high numbers of S.Tm in the blood (Fig.4j). This resulted 368 

in more extensive necrosis in liver (Fig.4k) and disturbed architecture in the spleen (Fig.4l), 369 

elevated histological injury score of liver (Fig.4k) and spleen (Fig.4l), aggravated splenomegaly 370 

(Fig.4m), and shortened survival (Fig.4n). Taken together, these results demonstrate that host 371 

exosomes are released into circulation to trigger prompt iron sequestration and hypoferremia, and 372 

consequently restrict iron accessibility and protect against infection. 373 

 374 



Fig. 4 Host exosome-induced hypoferremia protects against bacterial infection. 375 

a, Schematic diagram of the experimental procedure. To evaluate the protective effects of exosomes induced by 376 

S.Tm infection. HKS.Tm was used to induce endogenous exosome release (HKS.Tm+S.Tm group). Meanwhile, 377 

to elucidate the association between exosome release and the protective effect, GW4869 was used to inhibit 378 

endogenous exosome release (GW4869+HKS.Tm+S.Tm group). b, The concentration of exosomes in serum. n 379 

= 6 mice. c, The iron level in serum. n = 6 mice. d, Viable count of S.Tm in blood at 12 h after S.Tm injection. n 380 

= 6 mice. e, f, Representative H&E staining of the liver (e) or spleen (f) at 12 hours or day 4 after S.Tm infection 381 

and histological scores. scale bar, 50 μm (e) and 250 μm (f). n = 6 mice. g, The spleen weight at day 4 after S.Tm 382 

infection. n = 6 mice. h, Survival rates of mice. n = 6 mice. (i-n), i, Schematic diagram of the experimental 383 

procedure. To evaluated whether the protective effects generated by exosomes were due to iron restriction of 384 

bacterial growth, HKS.Tm was pretreated to induce endogenous exosome release (HKS.Tm+S.Tm group). Then, 385 

the mice were injected with iron-dextran to increase iron levels before S.Tm infection (HKS.Tm+iron+S.Tm 386 

group). j, Viable count of S.Tm in blood at 12 hours after S.Tm injection. n = 6 mice. k, l, Representative HE 387 

staining of the liver (k) and spleen (l) at 12 hours and day 3 after S.Tm infection and histological scores. Scale 388 

bar, 50 μm (k) and 250 μm (l). n = 6 mice. m, The spleen weights at day 3 after infection. n = 6 mice. n, Survival 389 

rates of mice. n = 6 mice. For b-g, and j-m, data are represented as the mean ± s.d. For c, d, f, and g, statistical 390 

significance was assessed by one-way ANOVA with Tukey’s post hoc test. For b and e, statistical significance 391 

was assessed by the Kruskal-Wallis test. For j-m, statistical significance was assessed by unpaired two-tailed 392 

Student’s t test. For h and n, statistical significance was assessed by the log-rank test. *p < 0.05, **p < 0.01, ns, 393 

not significant. 394 

 395 

Endoplasmic reticulum stress-induced lysosomal dysfunction caused by bacteria infection 396 

increases exosome release 397 

Given we have found the important role of host exosome release during infection, we next 398 

determined how bacterial invasion induces exosome release. Exosomes are generated by fusion of 399 

multivesicular bodies (MVBs) with the plasma membrane34. In addition to exocytosis, MVBs can 400 

also fuse with lysosome to generate the phagolysosome for degradation34. Strong evidence shows 401 

that lysosomal dysfunctions caused by various conditions result in increased exocytosis and 402 

exosome release34. Here, we found significantly reduced lysosome acidity by LysoTracker 403 

(fluorescent acidic organelle tracer) in macrophages after S.Tm infection in vitro (Fig.5a), which 404 

may account for the enhanced exosome release. More evidence provided by Western blot showed 405 

the reduced expressions of ATP6V1A and ATP6V1B, subunits of V-ATPase, in macrophages after 406 

S.Tm infection (Fig.5b), which confirmed the lysosomal dysfunction caused by S.Tm infection. To 407 

further clarify the relationship of lysosome function and exosome release, we used the V-ATPase 408 



inhibitor bafilomycin A to induce lysosomal dysfunction. As expected, bafilomycin A markedly 409 

inhibited the lysosomal acidity (Fig.5a) and promoted exosome release (Fig.5c), generating similar 410 

effects as S.Tm infection. Hence, it’s plausible that the lysosomal dysfunction caused by infection 411 

promotes exosome release (Fig.5a-c). 412 

 413 

We then investigated how bacterial invasion induces lysosomal dysfunction and exosome release. 414 

Lysosomal function has been shown to be closely associated with endoplasmic reticulum stress 415 

(ERS)34, which is activated when cells are subjected to bacterial infection35. However, whether 416 

ERS caused by bacterial infection controls exosome release by regulating lysosome function has 417 

not yet been elucidated. Therefore, we first explored whether ERS was triggered and could regulate 418 

lysosomal function in infected macrophages. We found tremendous intracellular reactive oxygen 419 

species (ROS) caused by S.Tm stimulation (Fig.5d). In addition, TEM images showed S.Tm 420 

infection-induced morphological dilatation of endoplasmic reticulum (Fig.5e). At the same time, 421 

the expression of ERS-related proteins, including IRE1α, ATF4, ATF6 and GRP78, were evidently 422 

upregulated after infection (Fig.5f), which is also evidenced by fluorescence images (Fig.5g). The 423 

elevated intracellular calcium concentration indicated by fluorescence detection also confirmed the 424 

ERS in infected macrophages (Fig.5h, i). To clarify the association between ERS and lysosomal 425 

function, we used the ERS inhibitor 4-phenylbutyric acid (4-PBA)36 to inhibit ERS response after 426 

infection. The TEM images showed 4-PBA treatment significantly inhibited dilatation of 427 

endoplasmic reticulum in S.Tm-treated macrophages (Fig.5e). Additionally, 4-PBA treatment 428 

effectively attenuated the upregulated expressions of IRE1α, ATF4, ATF6 and GRP78 (Fig.5f, g) 429 

and elevated Ca2+ levels (Fig.5h, i) caused by bacteria infection, which substantiated the ERS 430 

inhibition effects of 4-PBA. More importantly, 4-PBA treatment rejuvenate lysosomal acidity in 431 

S.Tm-treated macrophages, as evidenced by the fluorescence images (Fig.5j) and fluorescence OD 432 

value (Fig.5k). In addition to lysosomal functions, LAMP1 staining showed the lysosome number 433 

was obviously reduced in S.Tm-treated macrophages, which was also reversed by 4-PBA (Fig.5l). 434 

Moreover, the decreased expression of ATP6V1A, ATP6V1B and LAMP1 was recovered after 4-435 

PBA treatment (Fig.5m). We also found that the level of TFEB, an important transcription factor 436 



that controls lysosomal biogenesis and function37, was reduced after infection but was partially 437 

reversed after 4-PBA treatment (Fig.5m). Finally, the ERS inhibition attenuated the elevated 438 

exosome release in macrophage induced by S.Tm infection (Fig.5n). These results demonstrate that 439 

ERS triggered by S.Tm infection induced lysosomal dysfunction, thereby increasing exosome 440 

release. 441 

 442 



Fig. 5 S.Tm infection induces host exosome release via ERS-mediated lysosomal dysfunctions. 443 

(a-c), BMDM were treated with Bafilomycin A or S.Tm (MOI: 10) for 24 hours to detect lysosome function and 444 

exosome release. a, Representative images of LysoTracker staining were detected by laser scanning confocal 445 

microscopy and the quantitative fluorescence intensity. Scale bar, 5 μm. b, Western blot analysis of the expression 446 

of ATP6V1A and ATP6V1B in BMDM. n = 3 biologically independent samples. c, The concentration of 447 

exosomes released by BMDM. d, Representative fluorescence images of ROS in BMDM infected with S.Tm for 448 

24 hours, and quantitative analysis of the ROS levels. Scale bar, 50 μm. n = 3 biologically independent samples. 449 

(e-n), BMDM were treated with S.Tm in the absence or presence of 4-PBA for 24 hours to clarify the association 450 

between ERS and exosome release. e, The ultrastructural morphology of the endoplasmic reticulum was 451 

investigated via TEM. Scale bar, 1 μm. High-magnification images of the area marked by yellow boxes are 452 

arrayed at the lower panel. White arrow indicated endoplasmic reticulum. f, Western blot analysis of the 453 

expression of IRE1α, ATF4, ATF6 and GRP78 in BMDM. g, Representative fluorescence images of GRP78 in 454 

BMDM and quantitative analysis of the fluorescence intensity. Scale bar, 10 μm. n = 3 biologically independent 455 

samples. h, Representative fluorescence images of intracellular Ca2+ in BMDM and quantitative analysis of Ca2+ 456 

levels. Scale bar, 4 μm. n = 3 biologically independent samples. i, Intracellular Ca2+ level measured by microplate 457 

reader. n = 3 biologically independent samples. j, k, Representative fluorescence images (j) and the fluorescence 458 

intensity (k) of LysoTracker were detected by laser scanning confocal microscopy and a microplate reader, 459 

respectively. Scale bar, 5 μm. n = 3 biologically independent samples. l, Representative fluorescence images of 460 

LAMP1 in BMDM and quantitative analysis of the fluorescence intensity. Scale bar, 5 μm. n = 3 biologically 461 

independent samples. m, Western blot analysis of the expression of proteins related to lysosomal function 462 

(ATP6V1A, ATP6V1B and LAMP1) and biogenesis (TFEB) in BMDM. n, The concentration of exosomes 463 

released by BMDM. n = 3 biologically independent samples. For a, c, d, g-l, and n, data are represented as the 464 

mean ± s.d. For a, c, g-l, and n, statistical significance was assessed by one-way ANOVA with Tukey’s post-hoc 465 

test. For d, statistical significance was assessed by unpaired two-tailed Student’s t test. *p < 0.05, **p < 0.01, ns, 466 

not significant. 467 

 468 

We also determined whether the above mechanism functioned in S.a infection. Similarly, the 469 

intracellular ROS induced by S.a infection was observed (Extended Data Fig.6a), accompanied 470 

by dilated endoplasmic reticulum (Extended Data Fig.6b), increased expression of ERS-related 471 

proteins (Extended Data Fig.6c, d) and enhanced intracellular Ca2+ levels (Extended Data Fig.6e, 472 

f). These ERS effects generated by S.a could be abolished by 4-PBA treatment (Extended Data 473 

Fig.6b-f). Moreover, the ERS inhibition attenuated the elevated exosome release in macrophages 474 

induced by S.a infection (Extended Data Fig.6g). Thus, these results suggest that the mechanism 475 

by which ERS-triggered lysosomal dysfunction induced host exosome release may generally 476 

function in bacterial infection. 477 



 478 

IRE1α-mediated lysosomal dysfunction triggers host exosome release 479 

After determining of the fact that ERS induced by bacterial infection causes lysosome dysfunction, 480 

we then explored the specific pathway that mediates this effect. IRE1α is one of the main 481 

transmembrane ERS sensors that initiates the downstream unfolded protein response (UPR) 482 

pathway34. We then focused on the IRE1α pathway in lysosome function regulation based on our 483 

results, which showed upregulated IRE1α expression after infection (Fig.5f). To verify the role of 484 

IRE1α in this mechanism, we inhibited IRE1α expression in macrophages with IRE1α siRNA or 485 

the pharmacological inhibitor toyocamycin. We found that the expression of IRE1α and activation 486 

of the downstream Erk pathway38 were evidently decreased in infected macrophages after treatment 487 

with IRE1α siRNA (Fig.6a) or toyocamycin (Fig.6b). Moreover, inhibition of IRE1α by siRNA or 488 

toyocamycin was accompanied by the upregulation of the levels of TFEB, LAMP1, ATP6V1A and 489 

ATP6V1B, which suggested that lysosomal function was partially recovered (Fig.6a, b). It has been 490 

proven that the activity of TFEB is strictly regulated through phosphorylation by Erk1/2, which 491 

inhibits the translocation of TFEB to the nucleus, where it increases the transcription of multiple 492 

genes implicated in lysosomal biogenesis, autophagy and exocytosis37, 39, 40. Therefore, we propose 493 

the hypothesis that macrophages develop ERS after bacterial infection, and the downstream IRE1α 494 

pathway activates Erk1/2, resulting in TFEB inactivation and declined lysosome biogenesis and 495 

function, finally promoting exosome release. To consolidate the mechanism hypothesis, lysosomal 496 

function was further investigated in infected macrophages by fluorescence imaging. The results 497 

showed reduced lysosomal acidity (Fig.6c, d) and decreased lysosome number (Fig.6e) induced 498 

by S.Tm infection was reversed after treatment with IRE1α siRNA or toyocamycin. More 499 

importantly, the increased exosome release caused by bacterial infection was also attenuated 500 

(Fig.6f). Thus, these results support the mechanism by which IRE1α in ERS induces lysosomal 501 

dysfunction, which then triggers exosome release. 502 

 503 

We finally determined the role of ERS in lysosomal dysfunction-induced exosome release and iron 504 

metabolism in vivo. To enhance the pharmacological effects of the ERS inhibitor 4-PBA in vivo, 505 



liposome-encapsulated 4-PBA was prepared, since liposomes are mainly taken up by macrophages 506 

in liver or spleen41. The drug-loading efficiency of 4-PBA in liposomes was 89.3 ± 0.13%. 507 

Fluorescence imaging showed that infused RhB-labeled liposome-encapsulated 4-PBA could be 508 

effectively transported into the liver (Extended Data Fig.7a) and engulfed by F4/80+ macrophages 509 

in vivo (Extended Data Fig.7b) or in vitro (Extended Data Fig.7c). Subsequently, S.Tm-infected 510 

mice were treated with liposome-encapsulated 4-PBA to suppress ERS in vivo (Fig.6g). We found 511 

the S.Tm infection upregulated the expression of ERS-related proteins, including IRE1α, ATF6, 512 

and GRP78, in the liver (Fig.6h). Additionally, the fluorescence images showed that the number of 513 

F4/80+/GRP78+ macrophages increased significantly in the liver after infection (Fig.6i). The 4-514 

PBA treatment inhibited the expression of ERS-related proteins (Fig.6h) and decreased the number 515 

of F4/80+/GRP78+  liver macrophages (Fig.6i). The results demonstrated that 4-PBA attenuated 516 

S.Tm-induced ERS in liver. More importantly, 4-PBA treatment decreased the concentration of 517 

serum exosomes (Fig.6j) and elevated the iron levels in infected mice (Fig. 6k), which indicated 518 

that ERS inhibition attenuated iron sequestration by the host. Finally, we found that 4-PBA-treated 519 

infected mice exhibited higher blood bacterial numbers (Fig.6l), serious liver (Fig.6m) and spleen 520 

injury (Fig.6n) accompanied by higher injury scores and a shortened lifetime (Fig.6o). Thus, during 521 

infection, ERS developed in host cells is required for exosome release to realize iron sequestration 522 

and infection defense.  523 

 524 

Taken together, the findings of this study reveal how host exosomes facilitate immediate iron 525 

sequestration via a humoral regulation mechanism of iron metabolism. We found that S.Tm 526 

infection induces ERS and activates IRE1α signaling in macrophage, resulting in lysosomal 527 

dysfunction and immediate exosome release. These TfR-, CD163-, and CD91-bearing exosomes 528 

recycle iron to tissue-resident macrophages by binding iron-containing molecules for prompt iron 529 

sequestration. Therefore, we identify a previously unknown humoral regulation mechanism of iron 530 

metabolism during bacterial infection, reveal the role of exosomes in nutritional immunity, and 531 

suggest the release and circulation of extracellular vesicles could be an important way to promptly 532 

regulate systemic ion metabolism. 533 



 534 
Fig. 6 IRE1α-mediated lysosomal dysfunction enhances exosome release during S.Tm infection. 535 

(a-f), To inhibit the expression of IRE1α, BMDM were pretreated with IRE1α siRNA or toyocamycin and then 536 

infected with S.Tm for 24 hours. a, b, Western blot analysis of the IRE1α downstream Erk pathway and lysosomal 537 

function-related proteins in S.Tm-infected macrophages pretreated with IRE1α siRNA (a) or toyocamycin (b). c, 538 

d, Representative fluorescence images (c) and the fluorescence intensity (d) of LysoTracker were detected by 539 

laser scanning confocal microscopy and a microplate reader, respectively. Scale bar, 5 μm. n = 3 biologically 540 



independent samples. e, Representative fluorescence images of LAMP1 in BMDM and quantitative analysis of 541 

the fluorescence intensity. Scale bar, 5 μm. n = 3 biologically independent samples. f, The concentration of 542 

exosomes released by BMDM. n = 3 biologically independent samples. (g-o), g, Schematic diagram of the 543 

experimental procedure. To verify the effects of ERS on lysosomal dysfunction-induced exosome release and 544 

iron metabolism in vivo, empty liposomes or 4-PBA-encapsulated liposomes were injected intraperitoneally into 545 

mice 6 hours after intraperitoneal infection with S.Tm. After 12 hours, the mice were euthanized for further 546 

analysis. h, Western blot analysis of the expression of ERS-related proteins, including IRE1α, GRP78 and ATF6, 547 

in the liver. i, Representative fluorescence images of GRP78 level in hepatic F4/80+ macrophages and 548 

quantification of the number of F4/80+/GRP78+ cells in the liver. n = 3 biologically independent samples. j, The 549 

concentration of exosomes in the serum. n = 6 mice. k, The iron level in serum. n = 6 mice. l, Viable count of 550 

S.Tm in the blood. n = 6 mice. m, n, Representative H&E staining of the liver (m) and spleen (n) at 12 hours and 551 

day 3 after 4-PBA injection and quantitative analysis of histological scores. scale bar, 50 μm (m) and 250 μm (n). 552 

n = 6 mice. o, Survival rates of mice. n = 6 mice. For c-f and i-n, data are represented as the mean ± s.d. For c-f 553 

and i, statistical significance was assessed by one-way ANOVA with Tukey’s post-hoc test. For j and l-n, 554 

statistical significance was assessed by unpaired two-tailed Student’s t test. For k, statistical significance was 555 

assessed by the Mann–Whitney U test. For o, statistical significance was assessed by the log-rank test. *p < 0.05, 556 

**p < 0.01, ns, not significant. 557 

 558 

Discussion 559 

Iron is needed to fulfill multiple biological functions in living organisms due to its unique chemical 560 

properties42. Iron in host cells also acts as a signal to induce the generation of hydroxyl radicals 561 

and therefore kill intracellular pathogens43,44. Unsurprisingly, given its remarkable versatility and 562 

critical functions in biological systems, fierce competition for iron between the host and pathogen 563 

takes place under infection conditions. Successful invaders launched highly efficient machinery, 564 

including siderophore and hemophore systems, to capture iron from host iron sources45. To 565 

effectively inhibit the growth of bacterial pathogens, the host simultaneously evolves sophisticated 566 

defense mechanisms that restrict iron availability for bacterial pathogens and thereby limit their 567 

infection. The host employs siderophilins, including transferrin and lactoferrin, to transport iron to 568 

storage sites to limit iron uptake by the bacteria46. Moreover, host cells can release lipocalin-2 to 569 

obstruct the iron-acquiring strategy of bacteria47. While given that iron-containing proteins existing 570 

in body fluid can be acquired by the bacteria2, it is important to explore how the host promptly 571 

acquire and preserve iron for rapid iron sequestration after infection. 572 

 573 

For every tactic employed by invading pathogens to acquire iron, the host evolves relevant defense 574 



mechanisms. Interestingly, recent studies show that bacterial pathogens can release extracellular 575 

vesicles such as outer membrane vesicles (OMVs) to acquire iron from their hosts. OMVs carry 576 

degradative enzymes and specific receptors that enable bacteria to efficiently acquire iron and thus 577 

to facilitate bacterial survival48. Therefore, it is worth wondering if the intelligent host also 578 

developed a similar strategy to enhance the efficiency of iron sequestration by arranging decoys in 579 

the circulation. It has been proven that the total number of exosomes is significantly increased 580 

during bacterial infection13,49. While most of the studies on exosomes in bacterial infection have 581 

focused on the mechanisms for antigen presentation or signal transduction50, other biological 582 

functions of exosomes still need to be explored. A recent study provided evidence to support that 583 

exosomes confer a benefit or survival advantage to their parental cells by serving as decoys to trap 584 

and neutralize bacterial toxins13. This study suggests that exosomes can exert their biological 585 

functions by specific membrane receptor binding capacity. Here, we found that host cells 586 

immediately release exosomes to bind iron after infection, prevent the bacteria from iron 587 

acquisition, and deliver iron to tissue-resident macrophages for prompt iron sequestration. The 588 

findings of our study reveal a previously unknown humoral regulation mechanism of iron 589 

metabolism during bacterial infection, broaden the knowledge of iron metabolism as cellular and 590 

humoral manner. Moreover, the findings show that host cell send circulating “weapons” to compete 591 

with bacteria for iron, suggesting the evolutionary conservative functions of extracellular vesicles 592 

for iron acquisition in both prokaryotes and eukaryotes. 593 

 594 

Exosome release in host cells is ubiquitous and critical for an assortment of physiological and 595 

pathological processes51. Exosomes contain a broad array of biomolecules, including proteins, 596 

lipids and nucleic acids51. These nanosized exosomes are able to diffuse long distances in a given 597 

time and fuse with targeted cells12. The combination of these features allows exosomes to serve as 598 

natural delivery vehicles52. One of the key features of exosomes is that they have a large surface 599 

compared to volume53. Therefore, surface properties or molecular interactions at the surface of 600 

exosomes may perform important functions. In this study, we found that TfR, CD163, and CD91 601 

are integrated on the exosome surface, which ensure the iron recycling capacity of exosomes 602 

through capture of the iron-containing molecules to facilitate iron recycling. These “iron catchers” 603 

enhance the efficiency in iron sequestration and resistance to bacterial infection, thereby 604 



highlighting a previously unknown mechanism of innate immunity. The results of this study suggest 605 

that infusing TfR-, CD163-, and CD91-bearing exosomes provides a potential strategy for 606 

combating with bacterial infection. Although herein we focus on exosomes, it is also important to 607 

evaluate the role of other kinds of extracellular vesicles, including microvesicles or apoptotic 608 

bodies, in iron metabolism and infection defense since bacterial infection may also regulate other 609 

kinds of extracellular vesicles release50. In this study, we mainly focused on the exosomes derived 610 

from macrophages. In fact, circulating exosomes from other origins may also participate in iron 611 

metabolism regulation via membrane receptors. Meanwhile, whether exosomes in the circulation 612 

regulate other kinds of nutrients or small molecules still needs to be determined, future studies may 613 

provide more evidence for extracellular vesicle-based metabolism regulation. 614 

 615 

Methods 616 

Bacterial Strains and Growth Conditions 617 

Salmonella typhimurium strain (S.Tm, ATCC14028) and staphylococcus aureus (S.a, ATCC6538) 618 

were purchased from Beijing Beina Biological Co., Ltd. S.Tm and S.a were grown overnight in 619 

Luria-Bertani (LB) broth (10 g tryptone, 5 g yeast extract, 10 g NaCl per liter) at 37℃ with shaking. 620 

Bacteria density was confirmed by dilution plating. To obtain heat-killed S.Tm (HKS.Tm), S.Tm 621 

were cultured in LB broth for overnight at 37℃, and centrifuged in 4000×g for 5min and 622 

resuspended in PBS. The resuspended bacteria were boiled at 70℃ for 1 h before being used 623 

immediately.  624 

 625 

Cell culture 626 

Bone marrow-derived macrophages (BMDM) were obtained by harvesting bone marrow from 627 

femurs and tibias of C57BL/6J wide-type mice. Bone marrow cells were flushed out with PBS and 628 

lysed with red blood cell lysing buffer (Beyotime). After centrifuging for 5 min at 800×g, the cells 629 

were seeded in plates and incubated with Dulbecco's modified Eagle medium (DMEM) containing 630 

10% fetal bovine serum (FBS) and 20 ng/ml macrophage colony-stimulating factor (M-CSF) 631 

(PeproTech). Mature BMDM were used for the next experiments until 7-8 days. Mature BMDM 632 

were infected with S.Tm at the multiplicity of infection [MOI (bacteria per macrophage)] of 10. 633 

Cells were incubated in DMEM without FBS and antibiotic. After incubating for 30 min, the cells 634 



were washed with PBS and replaced with fresh DMEM containing 10% exosome-depleted FBS. 635 

Mock-infected wells received an equivalent volume of PBS. For S.a infection, BMDM were 636 

infected with S.a at MOI of 25 for 1h. Subsequently, extracellular bacteria were removed by 637 

washing with PBS. BMDM were cultured in fresh DMEM containing 10% exosome-depleted FBS. 638 

When indicated, 5 mmol/L 4-Phenylbutyric acid (4-PBA) (MedChemExpress) was applied to 639 

pretreat the BMDM for 2 h before S.Tm infection. For experiments using bafilomycin A1 640 

(MedChemExpress), mature BMDM were pretreated with 100 nM bafilomycin A1 as the positive 641 

control of lysosomal dysfunction. 642 

 643 

siRNA and transfection  644 

BMDM were transfected with siRNA (RiBOBIO) targeting TfR and IRE1α mRNAs using the 645 

Advanced DNA RNA Transfection Reagent (Zeta life) according to the manufacturer’s instruction. 646 

Subsequent treatments on transfected cells were performed 24 h post-transfection.  647 

 648 

Preparation and characterization of liposome-encapsulated 4-PBA 649 

According to the procedure previously describe by Chen et al54, liposomes-encapsulated 4-PBA 650 

was prepared with hydrogenated soybean phosphotidylcholine (Sinopharm) and cholesterol 651 

(Sinopharm) by ethanol injection method. Subsequently, to estimate encapsulation efficiency for 652 

liposome-encapsulated 4-PBA, 4-PBA was labeled by RhB, the content of 4-PBA was analyzed by 653 

the fluorescence spectrometry (PerkinElmer, USA). 654 

 655 

Animal experiment 656 

All animal experiments were approved by the Animal Care Committee of the Fourth Military 657 

Medical University, China. Wide-type 6-8 week-old female C57BL/6J were obtained from the 658 

Laboratory Animal Research Center of the Fourth Military Medical University, Xi’an, China. To 659 

identify the function of exosomes in S.Tm infection, mice were pre-injected intraperitoneally (i.p.) 660 

with GW4869 (MedChemExpress) at dose of 1.5 μg/g for 6h, followed by an i.p. injection of 3×661 

105CFU of S.Tm. To analyze early changes in serum iron, mice were euthanized at 12h after 662 

infection. Mice received injections of PBS as control. The survival rate of the mice was monitored 663 

every 12 h for a s period of 9 day. To further verify the effects of exosome release on S.Tm infection, 664 



the above mice that received GW4869 and S.Tm were then intravenously injected with exosomes 665 

(100 μg) 1h and 6h after the S.Tm infection. These exosomes used for the experiments were isolated 666 

from the supernatant of uninfected or infected BMDM or from the serum of uninfected or infected 667 

mice. Mice were euthanized at 24 h after infection. The survival rate of the mice was monitored 668 

every 12 h for 7 days. 669 

 670 

To test the effect of endogenous exosomes on the metabolism of iron, mice were intraperitoneally 671 

infected with 3 ×107CFU heat-killed S. typhimurium (HKS.Tm) to induce endogenous exosome 672 

release. After 3h, these mice were injected with GW4869 at dose of 4μg/g body weight. After 3h, 673 

above mice were then injected with 3×105CFU of S.Tm. Mice were then euthanized at 12 h for 674 

exploring the levels of serum iron and exosomes, and the number of bacteria. The survival rate of 675 

mice was recorded for 9 days post-infection. In addition, to verify the effect of serum iron on the 676 

infection, mice were pre-treated with HKS.Tm 3 h prior to an injection of iron-dextran (125 μg/g 677 

body weight, Sigma). After 3h, these mice were subsequently infected with S.Tm. Mice were 678 

euthanized at 12 h for exploring the changes of bacteria in blood. The survival rate of mice was 679 

monitored for 8 days. To verify the effect of endoplasmic reticulum stress on exosome release, mice 680 

were treated with 3×105CFU of S.Tm. At 6h after infection, mice were injected with (10 mg/kg 681 

body weight) liposome-encapsulated 4-PBA or equivalent volume of empty liposome. To test the 682 

changes in iron and exosomes, blood and tissues were collected at 12h after 4-PBA injection.  683 

 684 

The determination of bacteria burden in blood   685 

The blood was collected in the tube with heparin sodium to prevent blood from coagulation. 686 

Bacteria CFU were counted by plating dilutions of blood on LB plates containing 1.5% agar and 687 

enumerating the bacteria colonies after incubation at 37℃. 688 

 689 

Serum and tissue iron measurements 690 

Blood was collected into EP tubes and allowed to clot at 4℃ for 12 h followed by centrifugation 691 

at 2500 rpm for 10 mins. The serum was used for iron level analysis. For liver and spleen iron 692 

measurements, the tissue was mixed with iron assay buffer. After homogenization, the mixture was 693 

centrifuged at 16000×g for 10 min at 4℃, and the supernatant was used for iron assay. The total 694 



iron was detected using an Iron Assay Kit according to the manufacturer's instructions (Abcam). In 695 

brief, 1-50 μl serum or other liquid samples were added to the 96-well plate and brought the volume 696 

to 100 μl per well with Assay Buffer. Iron reducer was then added to each of the sample wells and 697 

incubated in dark for 30 min at 37℃. After first incubation, 100 μl of iron probe was added to each 698 

well and incubated in dark for 60 min at 37℃. Absorbance was measured at 593 nm using 699 

microplate reader (Bio-Rad, USA). 700 

 701 

Histopathological evaluation  702 

The liver and spleen samples were placed in 4% paraformaldehyde (PFA) overnight at 4°C, 703 

imbedded in paraffin blocks, sliced to 4-μm thick section, and stained with hematoxylin and eosin 704 

(HE). After staining, the sections were evaluated with Leica DM4B Microscope (Leica). The liver 705 

injury degree was determined by the histological scoring analysis. The assessment was expressed 706 

as the sum of the individual score grades of 0 (normal), 1 (mild injury), 2 (moderate injury), 3 707 

(severe injury) and 4 (maximum injury) for each of the following five categories: inflammation 708 

infiltration, cytoplasm vacuolization, nuclear condensation, hemorrhage, and hepatocyte necrosis. 709 

To evaluate the splenic histological changes, a semi-quantitative scoring system was used. The 710 

histopathological changes in spleen were classified based on the severity of three histological 711 

criteria: architecture loss, necrotic cells, and inflammation. The histopathological changes were 712 

graded on a scale as follows: absent (0), slight (1), moderate (2), and pronounced (3).  713 

 714 

Immunofluorescence staining 715 

For tissues, liver or spleen was fixed in 4% PFA for 24 h. After washing with PBS, the samples 716 

were immersed in 30% sucrose solution for 24 h, and then embedded in optimum cutting 717 

temperature (OCT) compound (Tissue OCT-Freeze Medium). The tissues were prepared as 10-μm 718 

sections. After permeation with 0.1% Triton X-100 (Sigma), cryosections were blocked with goat 719 

serum (Boster) for 1 h at room temperature. Then, cryosections were incubated with the following 720 

antibodies: anti-F4/80 antibody (1:200, ab6640, Abcam), Anti-GRP78/Bip antibody (1:200, 721 

ab21658, Abcam), and anti-Macrophage antibody (1:200, ab22506, Abcam) at 4℃ overnight. After 722 

washing with PBS, the sections were incubated with Alexa Fluor 488/594-conjugated secondary 723 

antibodies (1:200, YeaSen) at 37°C for 1 h, followed by staining with Hoechst 33342 for 10 min. 724 



Finally, the immunofluorescence images were obtained by confocal laser scanning microscopy 725 

(CLSM) (Nikon). 726 

 727 

For cells, BMDM were grown in 24-well plates containing coverslips before indicated treatments. 728 

After treatment, the cells were washed with PBS, fixed with 4% PFA for 30 min, and blocked with 729 

5%BSA for 1h at room temperature. The cells were then incubated with anti-F4/80 antibody (1:200), 730 

or anti-GRP78/Bip antibody (1:200), or anti-LAMP1 antibody (1:200, ab24170, Abcam) overnight 731 

at 4℃ followed by incubation with secondary antibody. The cells were stained with Hoechst and 732 

visualized by CLSM. To analyze the ROS levels in cells, Reactive Oxygen Species Assay Kit 733 

(50101ES01, YeaSen) was used. Cells were harvested at the indicated time points and washed with 734 

PBS. Then, cells were incubated with DCFH-DA at a final concentration of 10 μM at 37℃ for 30 735 

min in the dark. After washing with PBS, cells were fixed with 4% PFA for 30 min at 4 °C. Finally, 736 

cells were stained with Hoechst and visualized by CLSM. 737 

 738 
Intracellular Ca2+ measurement 739 

To analyze the intracellular Ca2+ levels in cells, BMDM were loaded with the cell permeant Ca2+ 740 

indicator Fluo-4, AM (40704ES50, YeaSen) in calcium-free Hank's balanced salt solution (HBSS) 741 

at a final concentration of 5 μM for 30 min (37℃). The green fluorescence of Ca2+ was measured 742 

with a multimode plate reader (PerkinElmer, USA) and CLSM (Nikon, Japan). 743 

 744 

LysoTracker fluorescence measurement 745 

To measure the lysosomal acidity, cells were incubated in serum-free medium with 50 nM 746 

lysoTracker (40739ES50, YeaSen) at 37℃ for 30 min. After washing with PBS, lysotracker 747 

fluorescence intensity was measured with a multimode plate reader (PerkinElmer, USA) and 748 

CLSM (Nikon, Japan). 749 

 750 

Exosome isolation and characterization 751 

Cell supernatant or serum was centrifuged at 800×g for 5 min to remove cells or cell debris. The 752 

supernatant was then centrifuged at 16000×g for 30 min to remove microvesicles. Then, the 753 

supernatant was ultracentrifuged at 4℃ for 70 min at a speed of 150000×g, and followed by 754 

washing with PBS and purification by ultracentrifugation at 150000×g for 70 min. Exosomes were 755 



gathered from the bottom of the tube. The protein concertation was measured by BCA kit 756 

(Beyotime). The size of exosomes was examined using nanoparticle tracking analysis (NTA) with 757 

Zeta View PMX 110 (Particle Metrix) and corresponding software Zeta View 8.04.02.  758 

 759 

Electron microscopy 760 

For transmission electron microscopy, a drop of suspension containing exosomes was applied to a 761 

200-mesh carbon-stabilized copper grids. Exosomes were allowed to absorb for 5 min before the 762 

excess suspension was wicked off. Next, the grid was stained with 2% phosphotungstic acid hydrate 763 

for 30 s followed by washing with distilled water for three times. Excess solution was wicked off, 764 

and the grid was allowed to air-dry before observation. For immunogold staining, exosomes were 765 

mixed with an equal volume of 2.54% glutaraldehyde for 20 min at room temperature, and then 766 

applied to 200 mesh nickel grids. After blocking with 5% BSA, the grid was incubated with a 1:20 767 

dilution of the primary antibody (anti-CD163 antibody, anti-CD91 antibody, anti-TfR antibody) for 768 

1h at room temperature. After washing with ultra-pure water, the grid was treated with 10-nm gold-769 

labeled secondary antibody (Electron Microscopy Sciences) for 30 min. The grid was then washing 770 

with ultra-pure water, and stained with 2% phosphotungstic acid hydrate for 30 s, followed by 771 

rinsing with ultra-pure water. After dying, all grids were examined with TEM (TECNAI Spirit, 772 

FEI).  773 

 774 

In vitro and in vivo fluorescence tracing of exosomes and liposome-encapsulated 4-PBA 775 

For in vitro tracing of liposome-encapsulated 4-PBA in macrophage, BMDM were treated with 776 

Rhodamine B-labeled (RhB) liposome-encapsulated 4-PBA for 3 h. The cells were then washed 777 

with PBS and fixed with 4%PFA for 30 min at room temperature. The cells were blocked with 778 

5%BSA, incubated with F4/80 antibody at 4℃ overnight, and treated with Alexa Fluor 488-779 

conjugated secondary antibodies. The cell nuclei were counter-stained with Hoechst 33342. At the 780 

end of the experiment, the cells were washed with PBS and observed using the CLSM. For ex vivo 781 

fluorescence tracing of exosomes and liposome-encapsulated 4-PBA, DiR-labeled exosomes or 782 

RhB-labeled liposome-encapsulated 4-PBA were administrated into mice via intravenous or 783 

intraperitoneal injection, respectively. After 24 h, mice were euthanized and organs were collected 784 

and subjected to ex vivo bioluminescence imaging performed by an In Vivo Imaging System 785 



(Xenogen). The luminescent signal was evaluated manually using Living Image Software (Caliper 786 

LifeSciences). To verify the specific uptake of exosomes by S.Tm, S.Tm expressing mCherry (S. 787 

Typhimurium-mCherry) were treated with PKH-67-labeled exosomes for 3 h. Then, the bacterial 788 

suspension containing exosomes was smeared thinly on a glass slide and observed by the CLSM. 789 

 790 

Iron-binding assay  791 

Normal mouse serum was collected, and the serum exosomes were removed by ultracentrifugation 792 

at 150000×g for 70min at 4℃. The exosome-depleted serum was added with exosomes from the 793 

supernatant of uninfected, infected BMDM or serum. After incubation overnight at 4℃, the added 794 

exosomes were isolated by ultracentrifugation at 150000×g for 70 min at 4℃. The serum 795 

supernatant and the exosomal fraction were respectively collected. The total iron levels in 796 

supernatant were measured by Iron Assay Kit (Abcam). And the transferrin levels in supernatant 797 

were analyzed by ELISA (Elabscience). In addition, the serum supernatant was heated at 56℃ for 798 

1h and S. Tm or S.a were inoculated into the supernatant. The cultures were then maintained under 799 

continuous shaking at 37℃ with optical measurements at OD490 or OD620 every 12 hours. 800 

 801 

Quantification of transferrin in serum and exosomes 802 

To expose the transferrin protein in the exosomal fraction, the exosomal fraction was suspended 1% 803 

Triton X-100 for 30 min at room temperature. After centrifuging at 12000×g for 10 min, the 804 

exosome lysates were collected. The levels of transferrin were measured in serum and the exosomal 805 

lysates using ELISA kit (Elabscience) according to the manufacturer’s instruction.  806 

 807 

Western blot 808 

The samples were lysed on ice in lysis buffer (Beyotime) containing a protease inhibitor for 30 min. 809 

Proteins samples (20 μg) quantified by BCA assay were loaded on the 8%-12% of SDS-810 

polyacrylamide gel, and then transferred to PVDF membrane (Merck Millipore) for 2 h. The 811 

membrane was blocked with 5% BSA at room temperature for 1 h, and then incubated with primary 812 

antibody overnight at 4℃. The membranes were then incubated with HRP-labeled secondary 813 

antibody for 1 h at room temperature and was processed by chemiluminescent kit (Merck Millipore) 814 

with an image system (Tanon 4600). The anti-CD81 antibody (ab109201), anti-TSG101 antibody 815 



(ab125011), anti-Calnexin antibody (ab22595), anti-Transferrin Receptor antibody(ab84036), anti-816 

CD91 antibody(ab92544), anti-CD163 antibody (ab182422), anti-ATF6 antibody (ab203119), anti-817 

ATP6V1A antibody (ab199326), anti-GRP78 antibody(ab21658), anti-LAMP1 antibody(ab24170), 818 

and anti-ATP6V1B antibody (ab200839) were purchased from Abcam. The anti-CD63 antibody 819 

(sc-5275) were obtained from Santa Cruz. The anti-Alix antibody (#92880), anti-ATF4 antibody 820 

(#11815), anti-IRE1α antibody (#3294P), anti-TFEB antibody (#4240), anti-Erk1/2 antibody 821 

(#9102s), and anti-Phospho-Erk1/2 antibody (#9101s) were purchased from Cell Signaling 822 

Technology. The anti-GAPDH antibody was obtained from YeaSen. The secondary antibodies 823 

[peroxidase AffiniPure goat anti-mouse immunoglobulin G (IgG), DY60203; peroxidase 824 

AffiniPure goat anti-rabbit IgG, DY60202] were all purchased from DIYIBio. 825 

 826 

Data presentation and statistical analysis 827 

Data was presented as the mean ± s.d, and analyzed using the SPSS 19.0 software. For all tests, 828 

differences of p<0.05 were considered significant. Unpaired two-tailed Student’s t test and Mann-829 

whitney U-test were used for comparing two groups. One-way ANOVA with Tukey’s correction or 830 

Kruskal-Wallis test was used for comparisons among multiple groups, wherever applicable. 831 

Survival functions were compared using the log-rank test. 832 
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