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ABSTRACT 32 

Blood feeding exposes arthropod vectors and the pathogens they transmit to toxic heme 33 

released during hemoglobin digestion. Although mammalian blood proteins can cross 34 

the mosquito midgut into the hemolymph, whether they remain biologically active within 35 

the vector is unknown. Proteomic analysis of Anopheles gambiae hemolymph identified 36 

mammalian proteins enriched by Plasmodium infection, including several involved in 37 

heme and iron metabolism. This enrichment was dependent on parasite invasion of the 38 

midgut epithelium. We show that mammalian hemopexin, a high-affinity heme 39 

scavenger, retains its heme-binding activity within mosquito tissues, where it mitigates 40 

heme toxicity, preserves midgut barrier integrity and microbiome homeostasis, and 41 

promotes Plasmodium development. These protective effects were lost with 42 

recombinant hemopexin unable to bind heme, establishing heme scavenging as the 43 

underlying mechanism. Hemopexin also promoted Leishmania parasite development in 44 

the sand fly and supported the fitness of Aedes aegypti and sand flies. Thus, parasite 45 

induced-redistribution of host hemopexin establishes a functional link between 46 

mammalian heme homeostasis, vector physiology, microbiome homeostasis and 47 

pathogen development, revealing a previously unrecognized host–vector–pathogen 48 

interaction and a potential vulnerability for transmission-blocking interventions. 49 

 50 

INTRODUCTION 51 

 52 

Blood ingestion presents significant physiological challenges for mosquitoes, other 53 

hematophagous vectors and the pathogens they transmit, particularly due to the vast 54 

amounts of heme released during hemoglobin digestion [1]. Heme (Fe-Protoporphyrin IX) 55 

is an iron-containing molecule that provides nutrients and signaling molecules essential 56 

for pathogen establishment and insect physiology, reproduction, and immune response 57 

[2, 3]. However, free labile heme is highly toxic since its iron induces the formation of 58 

reactive oxygen species (ROS) that initiate lipid peroxidation and membrane damage. 59 

Furthermore, the amphipathic nature of heme allows it to integrate into phospholipid 60 

membranes, altering membrane structure and inducing cell leakage [4-6]. To counteract 61 



these threats, mosquitoes and parasites have evolved several mechanisms to manage 62 

heme toxicity. For example, Plasmodium parasites deploy antioxidant enzymes to 63 

counteract the oxidative stress encountered in the mosquito midgut and hemolymph [7-64 

9]. In the case of mosquitoes, including Anopheles, protective mechanisms include the 65 

formation of a peritrophic matrix, a chitin- and glycoprotein-rich layer secreted by the 66 

midgut epithelium that separates the blood meal from epithelial cells. The peritrophic 67 

matrix facilitates the aggregation of heme into non-crystalline forms, reducing its capacity 68 

to induce ROS and membrane damage [10, 11]. Beyond the midgut lumen, mosquitoes 69 

utilize intracellular heme oxygenase to catalyze heme degradation and deploy antioxidant 70 

enzymes such as superoxide dismutase, catalase, and the thioredoxin and glutathione 71 

systems [12, 13]. Despite the effectiveness of these mechanisms, the sheer quantity of 72 

heme released during blood digestion raises the question of whether additional protective 73 

strategies exist, especially in scenarios where the midgut barrier is disrupted, such as 74 

during Plasmodium ookinete invasion, which allows heme to escape the peritrophic matrix 75 

barrier and interact directly with mosquito tissues. 76 

 77 

Since 1980, a handful of studies have shown that specific proteins from the blood meal, 78 

such as immunoglobulins, albumin, and transferrin, can cross from the midgut lumen 79 

into the hemolymph of mosquitoes and other hematophagous arthropods [14-17]. 80 

However, whether mammalian proteins that enter an evolutionary distant blood-feeding 81 

arthropod retain their native biochemical functions and become functionally integrated 82 

into the vector physiology and pathogen development remains largely unexplored. 83 

Furthermore, whether pathogen infection itself can promote the redistribution of such 84 

host factors within the vector and thereby create conditions that favor its own 85 

development is unknown. In this study, we investigated whether mammalian blood 86 

proteins enriched in the mosquito hemolymph during Plasmodium infection remain 87 

biologically active and influence vector homeostasis, its associated microbiome, and 88 

parasite development. Proteomic analyses of hemolymph from Anopheles gambiae 89 

mosquitoes fed on Plasmodium berghei-infected mice identified mammalian proteins 90 

enriched following infection, including proteins associated with iron and heme 91 

metabolism. Focusing on hemopexin, a high-affinity heme scavenger highly enriched in 92 



the hemolymph of infected mosquitoes, we found that it retains its native heme binding 93 

activity within the vector, buffers heme-associated oxidative stress, preserves midgut 94 

and microbiome homeostasis, and promotes Plasmodium development.  These effects 95 

extend beyond the Anopheles-Plasmodium system, as host hemopexin also supports 96 

the fitness of other hematophagous dipterans and Leishmania development in sand 97 

flies. Together, our findings reveal a previously unrecognized host–vector–pathogen 98 

interaction in which Plasmodium invasion promotes the enrichment and redistribution of 99 

a mammalian protein within the vector, where it retains its native biochemical function 100 

and is exploited to support vector homeostasis and parasite transmission. 101 

 102 

RESULTS 103 

Blood proteins related to heme and iron metabolism are enriched in the 104 

hemolymph of infected mosquitoes 105 

To determine whether blood proteins accumulate in the mosquito hemolymph, 106 

we performed label-free proteomic analysis of cell-free hemolymph from An. gambiae 107 

mosquitoes fed on uninfected or P. berghei-infected mice. Hemolymph was collected 108 

30 h post-blood feeding to identify proteins crossing after the ookinete invades the 109 

midgut (Fig. 1A). Among the mouse-derived proteins detected in mosquito hemolymph, 110 

a subset defined by the presence of at least three unique peptides was enriched in 111 

infected mosquitoes (Fig. 1B-D and Supplementary Data 1). Although albumin was the 112 

most abundant mouse-derived proteins detected, hemoglobin subunits and hemopexin 113 

exhibited the highest fold enrichment in infected mosquitoes (Fig. 1D). Several of the 114 

enriched proteins, including hemoglobin, serotransferrin, albumin, and hemopexin, are 115 

associated with iron and heme metabolism.  116 

Because blood digestion releases large amounts of heme [18], we focused on 117 

hemopexin, a high-affinity scavenger of labile heme, which was enriched 23-fold in 118 

infected mosquito hemolymph relative to uninfected controls (Fig. 1D and Supplementary 119 

Data 1). Western blot analyses of mosquito hemolymph detected hemopexin at an 120 

apparent molecular weight consistent with its native glycosylated form (65–70 kDa) and 121 



the protein remained detectable in hemolymph up to 10 days after blood feeding (Fig 1E). 122 

When mosquitoes were infected with P. berghei deficient of the membrane attack 123 

ookinete protein (MAOP-KO), which form ookinetes that cannot invade the mosquito 124 

midgut [19], hemopexin levels in the hemolymph were indistinguishable from uninfected 125 

controls (Fig. 1F), indicating that hemopexin enrichment is dependent on ookinete midgut 126 

invasion.  127 

Consistently, immunofluorescence analyses revealed increased hemopexin and 128 

hemoglobin staining in midguts from infected mosquitoes compared to uninfected controls 129 

(Fig. 1G-H, and Supplementary Figure 1A-B). In infected mosquitoes, both proteins were 130 

detected in invaded and non-invaded midgut cells, although invaded cells frequently 131 

displayed stronger staining. Hemopexin was also observed within epithelial cells in 132 

parasite-free regions of infected midguts (Fig. 1G, and Supplementary Figure 1A-B), 133 

indicating that its increased uptake is not restricted to sites of direct ookinete invasion or 134 

explained solely by local epithelial disruption. Although these experiments do not 135 

distinguish between permeability, active update, or a combination of mechanisms, they 136 

indicate that parasite invasion broadly promotes the redistribution of host proteins across 137 

the midgut epithelium. Finally, serum from P. berghei-infected mice collected before 138 

mosquito feeding exhibited elevated hemopexin levels relative to uninfected controls 139 

(Supplementary Fig. 2). Together, these findings indicate that Plasmodium infection 140 

promotes the accumulation of host hemopexin within the mosquito hemolymph during 141 

midgut invasion.  142 

 143 

Hemopexin maintains physiological homeostasis in blood-fed mosquitoes 144 

The enrichment of hemopexin in mosquito hemolymph following blood feeding 145 

suggested a functional role within the vector, leading us to examine its contribution to 146 

mosquito survival and reproductive fitness. To test this hypothesis, we utilized 147 

hemopexin-null (HPx-KO) mice [5, 6]. An. gambiae females fed on HPx-KO blood 148 

exhibited markedly reduced survival compared to mosquitoes fed on WT blood (Fig. 2A-149 

B). Repeated blood feeding on HPx-KO mice reduced mosquito median survival from 35 150 

to 15 days. A similar reduction in survival was observed after a single blood meal, with 151 

both infected and uninfected HPx-KO blood shortening mosquito lifespan relative to WT 152 



controls (Supplementary Fig. 3A-B). In addition, mosquitoes fed on HPx-KO blood 153 

displayed reduced fecundity and fertility, as reflected by lower egg production and 154 

hatching rates (Fig. 2C-D). 155 

To further investigate the systemic effects of hemopexin deficiency underlying 156 

these phenotypes, we performed transcriptomic analyses of midguts, carcasses, and 157 

ovaries from mosquitoes fed on WT or HPx-KO mice at 24 and 72 h post-blood feeding, 158 

together with sugar-fed controls. The most pronounced transcriptional differences were 159 

observed at 72 h post-feeding (Fig. 2E). 160 

In the midgut, hemopexin deficiency triggered progressive transcriptional changes 161 

associated with oxidative stress and detoxification (Fig. 2E-F and Supplementary Data 162 

2–3). At 24 h, genes involved in xenobiotic detoxification, including CYP6AK1, a UDP-163 

glucuronosyltransferase, and ABCC11, were upregulated. By 72 h, cytochrome P450 164 

genes (CYP6AG2, CYP6Z2, CYP6M2, and CYP6AK1) were strongly induced, whereas 165 

glutathione S-transferases (GSTD12, GSTE4, and GSTD6) and the ABC transporter 166 

ABCG18 were downregulated, a profile consistent with elevated oxidative stress. Genes 167 

associated with metabolism and nutrient uptake, including ILP5, TRYP6, ERD6-like, and 168 

glycogen debranching enzyme AGAP001200, were also altered, together with repression 169 

of ecdysone- and juvenile hormone-responsive genes (Eip74EF, Jhl-2137, Jhl-2008, and 170 

Jhl-3763), suggesting disruption of reproductive signaling pathways [20, 21]. 171 

Transcriptional alterations in carcasses and ovaries were limited at 24 h but 172 

became more pronounced at 72 h post-feeding (Fig. 2E, G-H and Supplementary Data 173 

4–7). In carcasses, immune-related genes including cecropin-A, gambicin, and DPP4 174 

were upregulated, consistent with activation of IMD/Rel2 signaling [22], whereas 175 

Toll/complement-associated genes, including defensin-2, CTLMA3, LRIM15, and the 176 

ficolins AGAP009184-RA and AGAP029325-RA, were downregulated [23]. Genes 177 

involved in lipid signaling and juvenile hormone metabolism, including PLD1/2, PLC, and 178 

the juvenile hormone esterase COEJHE2E, were also differentially expressed. 179 

In ovaries, genes associated with juvenile hormone and ecdysone signaling, 180 

including juvenile hormone esterase (JHE), juvenile hormone-binding protein (JHBP), and 181 

the ecdysone-responsive gene E93, were differentially expressed, indicating disruption 182 



of reproductive signaling pathways. In parallel, components of the insulin/mTOR pathway, 183 

including PI3K [24, 25], together with Marf/mitofusin (AGAP001802-RA), were induced, 184 

suggesting metabolic reprogramming and mitochondrial remodeling consistent with 185 

impaired reproductive homeostasis. 186 

Together, these findings indicate that host hemopexin promotes mosquito survival 187 

and reproductive fitness while maintaining systemic physiological homeostasis during 188 

blood digestion. 189 

 190 

Host hemopexin enhances vector competence by supporting Plasmodium 191 

development 192 

Having established that hemopexin promotes mosquito physiological 193 

homeostasis, we next investigated how this host protein influences Plasmodium 194 

development across the mosquito life cycle. HPx-KO mice display elevated labile heme 195 

and altered systemic iron homeostasis during Plasmodium infection without changes 196 

in parasite burden or host mortality [6]. 197 

We first assessed the overall impact of hemopexin on mosquito infection by 198 

quantifying P. berghei oocysts at 7 dpi. An. gambiae mosquitoes fed on infected HPx-199 

KO mice developed significantly fewer oocysts than mosquitoes fed on infected wild-200 

type (WT) mice (Fig. 3A-B). Intravenous supplementation of HPx-KO mice with 201 

recombinant hemopexin restored infection to WT levels, whereas a heme-binding 202 

deficient mutant (HPxmut) [26, 27] (Supplementary Fig. 4) failed to rescue parasite 203 

development, indicating that the protective effect of hemopexin depends on its heme-204 

binding activity (Fig. 3B). 205 

To define the stage at which hemopexin exerts this effect, we next examined 206 

early parasite development within the blood bolus. Midguts dissected at 2 dpi, after 207 

ookinete invasion and establishment of early oocysts, revealed significantly fewer 208 

parasites in mosquitoes fed on infected HPx-KO mice than in those fed on WT mice, 209 

whereas recombinant hemopexin supplementation restored parasite numbers (Fig. 210 



3C). These findings indicate that hemopexin promotes parasite survival during the 211 

initial stages of mosquito infection. 212 

Because hemopexin accumulates in mosquito hemolymph following infection, 213 

we then asked whether it also supports parasite development in the hemocoel after 214 

oocyst establishment. Mosquitoes were fed on P. berghei-infected HPx-KO mice and 215 

injected intrathoracically with recombinant hemopexin, heat-denatured hemopexin, or 216 

phosphate buffered saline (PBS) 48 h later, after oocyst formation (Fig. 3D). 217 

Recombinant hemopexin significantly increased oocyst numbers relative to control 218 

groups (Fig. 3E), indicating that hemopexin also promotes parasite development within 219 

the hemocoel. 220 

Finally, we investigated whether the protective effect of hemopexin extends to 221 

human malaria parasites. An. gambiae mosquitoes were fed through membrane 222 

feeders containing P. falciparum gametocytes mixed with human erythrocytes and 223 

serum isolated from WT or HPx-KO mice (Fig. 3F). Similar to P. berghei, mosquitoes 224 

receiving HPx-KO serum developed significantly fewer P. falciparum oocysts, whereas 225 

recombinant hemopexin restored infection levels and HPxmut failed to rescue parasite 226 

development (Fig. 3G). 227 

 228 

Hemopexin limits oxidative damage and preserves midgut homeostasis during 229 

blood digestion 230 

Successful blood digestion is essential for mosquito homeostasis and 231 

Plasmodium development within the vector, requiring coordinated homeostatic, 232 

digestive, and reproductive responses [20, 28, 29]. In this context, the peritrophic 233 

matrix contributes to midgut homeostasis by compartmentalizing the blood bolus and 234 

promoting heme detoxification [29, 30]. This prompted us to investigate the contribution 235 

of hemopexin to midgut barrier integrity. Transcriptomic analyses further suggested 236 

that mosquitoes fed on HPx-KO mice exhibit disrupted digestive and reproductive 237 

programs (Fig. 2E-F and Supplementary Data 2–3), supporting a broader disruption of 238 

midgut homeostasis. 239 



Mosquitoes were fed on WT or HPx-KO blood supplemented with fluorescent 240 

dextran, and midguts dissected at 24 h post feeding were stained with wheat germ 241 

agglutinin (WGA) to visualize the peritrophic matrix. In mosquitoes fed on WT blood, 242 

dextran remained confined within the blood bolus, whereas mosquitoes fed on HPx-243 

KO blood displayed extensive dextran diffusion into the epithelium together with severe 244 

disruption of the peritrophic matrix (Fig. 4A and Supplementary Fig. 5). To further 245 

assess midgut damage, transgenic An. stephensi mosquitoes expressing tdTomato in 246 

proliferating midgut stem cells were utilized [31]. Mosquitoes fed on HPx-KO blood 247 

exhibited increased tdTomato-positive cells, consistent with enhanced epithelial 248 

damage (Supplementary Fig. 6). 249 

Disruption of the peritrophic matrix in HPx-KO-fed mosquitoes suggested that 250 

oxidative molecules derived from the blood bolus could damage midgut barriers and 251 

diffuse into mosquito tissues. Because hemopexin scavenges labile heme and limits 252 

heme-induced oxidative stress [32], systemic oxidative stress was evaluated in 253 

perfused hemolymph collected 24 h after blood feeding. Mosquitoes fed on HPx-KO 254 

blood exhibited significantly elevated hydrogen peroxide levels, lipid peroxidation 255 

markers (4HNE and MDA), and protein nitration relative to mosquitoes fed on WT blood 256 

(Fig. 4B-E). Supplementation of HPx-KO mice with recombinant hemopexin restored 257 

oxidative damage markers to WT levels, whereas the heme-binding deficient mutant 258 

HPxmut failed to prevent oxidative damage (lipid peroxidation) (Fig. 4C-D), indicating 259 

that hemopexin protects mosquito tissues through its heme-binding activity. 260 

Midgut microbiota contributes to peritrophic matrix formation, midgut 261 

homeostasis, and vector competence [29]. Therefore, the disruption of midgut barrier 262 

integrity and oxidative homeostasis observed in mosquitoes fed on HPx-KO mice 263 

suggested that microbiota dynamics could also be altered during blood digestion. 264 

Mosquitoes fed on HPx-KO blood exhibited a significant increase in bacterial load 24 265 

h after feeding (Fig. 4F and Supplementary Fig. 7). Consistent with this observation, 266 

16S sequencing revealed transient alterations in microbiota composition during early 267 

blood digestion. HPx-KO-fed mosquitoes exhibited increased alpha diversity at 48 h 268 

post-feeding, including higher observed ASVs and Shannon diversity, together with 269 

transient shifts in community structure that were no longer evident by 96 h 270 



(Supplementary Fig. 8A, and C-D). Although PCoA based on Bray–Curtis dissimilarities 271 

did not reveal significant global differences in community composition, a trend toward 272 

separation was observed at 48 h post-feeding but not at 96 h (Supplementary Fig. 8B). 273 

Differential abundance analysis (DESeq2, FDR < 0.05) identified 31 genera associated 274 

with HPx-KO-fed mosquitoes at 48 h, including enrichment of Lactococcus, 275 

Curtobacterium, and Bryobacter (Fig. 4H and Supplementary Data 8 and 9). These 276 

findings indicate that hemopexin deficiency induces a transient disruption of microbiota 277 

homeostasis during early blood digestion. 278 

Together, our data indicate that hemopexin protects mosquitoes from oxidative 279 

stress, preserves midgut barrier integrity, and maintains microbiota homeostasis during 280 

blood digestion. 281 

 282 

The protective functions of hemopexin extend across blood-feeding vectors 283 

The release of heme during blood digestion is a conserved feature of 284 

hematophagous insects. As a high-affinity heme scavenger, hemopexin could therefore 285 

provide similar protective functions across diverse blood-feeding vectors. To determine 286 

whether the effects of hemopexin extend beyond Anopheles mosquitoes, we 287 

investigated its role in Aedes aegypti and Lutzomyia longipalpis, together with the 288 

pathogens they transmit. 289 

Similar to An. gambiae, Ae. aegypti mosquitoes fed on HPx-KO blood exhibited 290 

significantly reduced survival compared to mosquitoes fed on WT blood (Fig. 5A-B). 291 

Consistent with a conserved role in controlling heme-associated stress, hemolymph 292 

collected 48 h after blood feeding displayed elevated lipid peroxidation levels in HPx-293 

KO-fed mosquitoes (Supplementary Fig. 9). To evaluate whether hemopexin also 294 

influences Dengue virus infection, mosquitoes were first maintained on WT or HPx-KO 295 

blood and subsequently infected using membrane feeders containing Dengue virus and 296 

erythrocytes isolated from HPx-KO mice, which are devoid of plasma and circulating 297 

hemopexin (Fig. 5C and Supplementary Fig. 10). Under these conditions, no 298 

differences in midgut viral loads were observed, indicating that hemopexin is not 299 



required for the establishment of Dengue virus infection in the mosquito midgut (Fig. 300 

5D and Supplementary Fig. 10). 301 

We next assessed whether the effects of hemopexin extend to sand flies and 302 

Leishmania parasites. Similar to mosquitoes, L. longipalpis fed on HPx-KO blood 303 

exhibited reduced survival relative to flies fed on WT blood (Fig. 5E-F). Moreover, blood 304 

lacking hemopexin resulted in a significant reduction in both total Leishmania donovani 305 

parasite numbers and the proportion of infective metacyclic promastigotes within the 306 

sand fly midgut (Fig. 5G-H). Consistent with this effect, flies examined 21 days after 307 

blood feeding exhibited reduced parasite burdens, with a similar trend toward lower 308 

metacyclic differentiation in surviving insects (Supplementary Fig. 11). 309 

Together, these findings uncover a conserved host-vector-pathogen interaction 310 

in which host hemopexin promotes physiological homeostasis in blood-feeding vectors 311 

while enhancing the development of diverse pathogens. 312 

 313 

DISCUSSION 314 

A growing body of evidence indicates that host blood proteins can traverse from 315 

the midgut lumen into the hemocoel of hematophagous arthropods, yet their functional 316 

significance remains unclear. Here, we show that Plasmodium infection promotes the 317 

enrichment and redistribution of mammalian hemopexin within the mosquito, where its 318 

activity is consistent with its heme-scavenging function and influences vector physiology, 319 

microbiome homeostasis, and parasite development. Supporting this conclusion, our 320 

proteomic analyses revealed that Plasmodium infection selectively enriches mammalian 321 

proteins involved in heme and iron metabolism within mosquito hemolymph. Among 322 

these, the high-affinity heme scavenger hemopexin [32] accumulated disproportionately 323 

relative to more abundant plasma proteins and in an ookinete invasion-dependent 324 

manner. Hemopexin was also detected within epithelial cells in regions without nearby 325 

parasites, suggesting that its uptake is not restricted to sites of direct parasite invasion or 326 

explained solely by local epithelial disruption. Whether this reflects increased 327 

permeability, selective transport, preferential retention, or a combination of mechanisms 328 

remains unclear. Regardless of the uptake mechanism, our findings show that hemopexin 329 



becomes functionally integrated into the vector-microbiome-parasite system, buffered 330 

blood meal-derived heme and influencing oxidative homeostasis, midgut integrity, 331 

microbiota stability, reproduction, and Plasmodium parasite development in the mosquito. 332 

The physiological importance of this host-derived factor is underscored by the 333 

broad fitness defects observed in insects fed on hemopexin-deficient blood. In addition to 334 

reduced survival, the absence of hemopexin impaired fertility and fecundity, indicating 335 

that disruption of midgut homeostasis has consequences that extend beyond the 336 

digestive tract. Transcriptomic analyses further suggest that hemopexin deficiency 337 

uncouples physiological processes normally coordinated during blood digestion and 338 

reproduction, resulting in widespread alterations in metabolic, reproductive, and stress-339 

response pathways. Notably, OXR1, a regulator of oxidative stress responses in 340 

Anopheles [33], was induced only at 72 h post-feeding and, unlike during P. berghei 341 

infection, it was not accompanied by activation of canonical antioxidant effectors such as 342 

catalases and peroxidases. This pattern suggests that OXR1 contributes to adaptation to 343 

prolonged physiological stress rather than solely regulating antioxidant defenses. 344 

Because catalase-mediated detoxification of reactive oxygen species is a major 345 

determinant of mosquito fecundity [34], disruption of redox homeostasis may contribute 346 

directly to the reproductive defects observed in mosquitoes fed on hemopexin-deficient 347 

blood. Together, these findings identify mammalian hemopexin as an important 348 

determinant of vector fitness and reproductive success, key traits underlying vectorial 349 

capacity  [35]. 350 

The importance of host-derived hemopexin is particularly striking given the 351 

extensive endogenous mechanisms hematophagous insects possess to manage heme 352 

toxicity, including sequestration within the peritrophic matrix, degradation by heme 353 

oxygenase, and multiple antioxidant pathways [1, 12]. Our findings therefore suggest that 354 

host-derived hemopexin is not merely an incidental component of the blood meal but an 355 

integral component of the heme-management strategy of blood-feeding insects. Because 356 

vertebrate hemopexin is consistently encountered during blood feeding, dipteran vectors 357 

and their pathogens may have evolved to exploit this host detoxification system as an 358 

additional layer of protection against heme-associated stress. Indeed, malaria parasite 359 

infection increased hemopexin levels in the blood. This role may extend beyond the 360 



midgut, as hemopexin enters the mosquito hemolymph, where blood meal-derived iron is 361 

also present [36], providing a mechanism by which a mammalian heme-scavenging 362 

protein can influence the systemic environment encountered by the parasite during its 363 

development.  364 

Because disruption of these barriers profoundly affects mosquito physiology and 365 

pathogen development [37-42], the broad phenotypes observed in mosquitoes fed on 366 

hemopexin-deficient blood are consistent with loss of compartmentalization normally 367 

imposed during blood digestion. The absence of major transcriptional changes in genes 368 

associated with peritrophic matrix formation further suggests that the defects observed in 369 

HPx-KO-fed mosquitoes arise from impaired matrix stability rather than defective 370 

synthesis. Increased exposure to labile heme likely contributes to this phenotype, as free 371 

heme promotes oxidative damage and can exacerbate hemolysis [43]. Notably, heme 372 

oxygenase was not induced despite evidence of increased heme-associated stress, 373 

consistent with previous studies showing that mosquito heme oxygenase is regulated 374 

primarily by nutrient-sensing pathways [12]. Together with the disruption of nutrient 375 

utilization and insulin/TOR-associated signaling in HPx-KO-fed mosquitoes, these 376 

findings suggest that hemopexin helps coordinate the physiological balance between 377 

blood digestion, heme metabolism, and reproductive investment. The increased 378 

accumulation of hemoglobin and hemopexin during ookinete invasion may therefore 379 

represent a compensatory response that helps preserve homeostasis in tissues exposed 380 

to blood-derived heme. 381 

Consistent with its broader role in maintaining gut homeostasis, hemopexin 382 

deficiency was associated with transient dysbiosis during active blood digestion. Because 383 

these changes occurred in the absence of major regulation of midgut antimicrobial 384 

peptides, they likely reflect alterations in the digestive environment rather than local 385 

immune activation. Immune-related signatures nevertheless emerged in carcasses at 386 

later time points, consistent with previous studies showing that disruption of the 387 

peritrophic matrix promotes microbiota-dependent systemic immune responses [29]. The 388 

dysbiosis observed in HPx-KO-fed mosquitoes likely results from the combined effects of 389 

altered heme availability and oxidative stress. Although elevated ROS can restrict 390 

bacterial proliferation [44], increased exposure to heme and iron may favor taxa that 391 



tolerate oxidative stress, leading to community restructuring rather than a uniform 392 

reduction in bacterial abundance. Such changes could further compromise barrier 393 

integrity and alter nutrient availability within the gut, potentially contributing to the 394 

disruption of insulin/TOR-associated signaling observed in HPx-KO-fed mosquitoes. In 395 

this context, hemopexin may function analogously to components of nutritional immunity 396 

by limiting access to iron from labile heme as a nutrient and helping maintain microbial 397 

homeostasis during blood digestion. Because the mosquito microbiota is an important 398 

determinant of Plasmodium development, these findings also identify the microbiome as 399 

another component of the host–vector–parasite interaction influenced by mammalian 400 

hemopexin. Whether the microbiome changes contribute directly to the parasite 401 

phenotype remains to be determined. 402 

Beyond its effects on vector and microbiome homeostasis, hemopexin has a 403 

pronounced effect on parasite development. The absence of hemopexin in the blood meal 404 

significantly reduced Plasmodium infection, likely due to increased ROS-mediated 405 

parasite damage and potentially impaired iron acquisition, which is essential for 406 

Plasmodium development in the mosquito (Maya-Maldonado et al., 2021). Importantly, 407 

the protective effect of hemopexin on Plasmodium is not restricted to the blood bolus or 408 

the midgut environment. Direct injection of recombinant hemopexin into the hemolymph 409 

after oocyst formation restored parasite infection in mosquitoes fed on hemopexin-410 

deficient blood, demonstrating that the mammalian protein can support Plasmodium 411 

oocysts development after the parasite has crossed the midgut. Together with the rescue 412 

of infection by recombinant hemopexin and the loss of protection with heme-binding-413 

deficient hemopexin, these findings support heme sequestration as the biochemical 414 

mechanism linking hemopexin to both vector homeostasis and parasite survival. Thus, 415 

Plasmodium invasion promotes the enrichment and redistribution of a host-derived 416 

protective factor from which the parasite subsequently benefits during its development 417 

within the vector. 418 

The effect on pathogens extends beyond Plasmodium. For L. donovani in sand 419 

flies, hemopexin deficiency impaired parasite survival and differentiation, sharing 420 

similarities with Trypanosoma cruzi, another trypanosomatid that relies on reduction of 421 

labile heme for successful differentiation within within its insect vector [45]. Interestingly, 422 



Dengue virus infection in Ae. aegypti appeared unaffected by hemopexin deficiency under 423 

our experimental conditions, likely reflecting pathogen-specific differences in oxidative 424 

responses and antioxidant defenses [1, 44]. Thus, while the dependence on host 425 

hemopexin for physiological fitness was observed across the three dipteran vectors 426 

examined, its consequences for pathogen development appear to be context dependent. 427 

Nevertheless, the effects on two evolutionary distant eukaryotic parasites suggest that 428 

homeostasis of host-derived heme represents an important determinant of pathogen 429 

development within blood-feeding vectors. 430 

Our findings reveal that Plasmodium invasion of the mosquito midgut promotes the 431 

redistribution of mammalian hemopexin within the vector, where its protective biochemical 432 

activity contributes to vector and microbiome homeostasis while creating conditions that 433 

favor parasite development. The extension of these effects to other blood-feeding 434 

dipterans and Leishmania parasites suggests a broader biological principle in which 435 

vectors and their pathogens exploit mammalian blood factors beyond their nutritional 436 

value. These results uncover a previously unrecognized host–vector–pathogen axis 437 

centered on heme homeostasis. 438 

 439 

Materials and Methods 440 

 441 

Mouse strains and ethical approval 442 

All mouse procedures complied with NIH guidelines and were approved by the NIAID 443 

Animal Care and Use Committee under SOP LMVR 22. Wild-type C57BL/6 female mice 444 

(10–12 weeks old) were obtained from Charles River Laboratories, and hemopexin-null 445 

(HPx-KO; Hpx–/–) mice were provided by E. Tolosano and maintained in-house. 446 

 447 

Anopheles rearing and Plasmodium infections 448 

Anopheles gambiae (Keele) [46], An. stephensi (Nijmegen) [47], and the HP10 An. 449 

stephensi TdTomato⁺ line [31] were reared at 28 °C, 80% humidity, and a 12 h:12 h 450 



photoperiod, with adults provided 10% sucrose. For Plasmodium falciparum NF54 451 

infections, An. stephensi were membrane-fed with reconstituted human blood at 0.03% 452 

gametocytemia, prepared by mixing RBCs with human serum at 50% hematocrit; RBCs 453 

were reconstituted in heat-inactivated plasma from wild type (WT) or hemopexin-null 454 

(HPx-KO) mice, supplemented or not with 125 µg/mL recombinant hemopexin (rHPx) or 455 

mutant hemopexin (HPxmut), and oocysts were quantified 10 days post-infection after 456 

0.2% mercurochrome staining. For Plasmodium berghei infections, An. gambiae were fed 457 

on WT or HPx-KO mice infected with a PbANKA mCherry–luciferase transgenic line [48] 458 

and maintained at 19 °C, 80% humidity, and a 12-h light–dark cycle; infection intensity 459 

was assessed by mCherry-fluorescent oocyst counts in dissected midguts at 2 days post-460 

feeding (early oocysts) and 10 days post-feeding (late oocysts). For hemopexin 461 

reconstitution experiments, a group of mosquitoes (control) were allowed to feed on HPx-462 

KO mice. The mice were then supplemented i.v. with 125 µg of rHPx or HPxmut per mouse 463 

and 15 minutes later a second group of mosquitoes (experimental) were allowed to feed 464 

on the supplemented mouse.   465 

For assays supplementing hemolymph with hemopexin, An. gambiae females were fed 466 

on P. berghei-infected HPx-KO mice. Mosquitoes were then injected intrathoracically with 467 

100 ng hemopexin in PBS 48 h after infection, and P. berghei oocyst burdens were 468 

quantified as described above. 469 

 470 

Cell-free hemolymph preparation 471 

Cell-free hemolymph from uninfected or P. berghei–infected An. gambiae was collected 472 

from fully engorged females at 30 h and 10 days after blood feeding. The distal cuticle of 473 

the last abdominal segment was opened using fine forceps, and the hemocoel was 474 

flushed by gently injecting PBS supplemented with either protease inhibitor or 2 mg/mL 475 

3-amino-1,2,4-triazole (AT) for hydrogen peroxide detection. The resulting hemolymph–476 

PBS mixture was allowed to exit through the abdominal opening and collected using a 477 

pipette. Samples were immediately placed on ice and clarified by centrifugation at 3,500 478 

× g for 5 min at 4 °C to remove circulating hemocytes and debris. The supernatant (cell-479 



free hemolymph) was transferred to fresh tubes and used immediately for downstream 480 

analyses or stored at –80 °C until use. 481 

 482 

Proteomics of Anopheles cell-free hemolymph  483 

For quantitative proteomics to compare hemolymph of An. gambiae which were fed on 484 

uninfected or P. berghei-infected mice, hemolymph samples collected at 30 h post-blood 485 

feeding were used.  For each group, duplicated samples were investigated, where each 486 

sample was derived from hemolymph from 25 mosquitoes.  These protein samples from 487 

cell-free mosquito hemolymph, approximately 50 µg-total, were separated by SDS–PAGE 488 

and visualized by Coomassie staining (ProtoBlue Safe, National Diagnostics). Gel lanes 489 

were excised, sectioned, and subjected to in-gel trypsin digestion. Briefly, gel pieces were 490 

destained in 50% acetonitrile/100 mM ammonium bicarbonate, reduced with dithiothreitol, 491 

alkylated with iodoacetamide, dehydrated in acetonitrile, and digested overnight at 30°C 492 

with sequencing-grade trypsin (Promega). Peptides were extracted in 50% acetonitrile 493 

with 5% formic acid, dried, then resuspended in water with 0.1% formic acid. 494 

Peptides were analyzed by LC–MS/MS using an Orbitrap Fusion Lumos mass 495 

spectrometer coupled to an EASY-nLC 1200 system (Thermo Fisher Scientific). Samples 496 

were loaded onto a 2-cm PepMap C18 trap column and separated on a 2-cm PepMap 497 

C18 analytical column using a linear gradient of acetonitrile in 0.1% formic acid at a flow 498 

rate of 300 nL/min. 499 

Data were acquired in data-dependent mode with MS1 scans in the Orbitrap (resolution 500 

120,000) followed by MS2 fragmentation of multiply charged ions by collision-induced 501 

dissociation, scanning in the ion trap. Dynamic exclusion was set to 30 s. 502 

Raw LC–MS/MS data were processed using MaxQuant (v2.0.3.0). Spectra were 503 

searched against a combined Anopheles gambiae and Mus musculus protein database, 504 

with common contaminants included. Enzyme specificity was set to trypsin, allowing up 505 

to two missed cleavages. Carbamidomethylation of cysteine was set as a fixed 506 

modification, and methionine oxidation and protein N-terminal acetylation were included 507 

as variable modifications. A false discovery rate (FDR) of 1% was applied at the peptide 508 



and protein levels, and the match between runs feature was enabled. Protein 509 

quantification was performed using label-free quantification (LFQ) based on iBAQ 510 

intensities, and values were log2-transformed for downstream analyses. Only proteins 511 

identified with at least three unique peptides were retained, and contaminants were 512 

excluded. Downstream analyses were restricted to proteins assigned to the Mus 513 

musculus proteome. 514 

Statistical analysis was performed in Perseus. LFQ intensities were median-centered, 515 

and missing values were imputed from a normal distribution. Differential abundance was 516 

assessed using Student’s t-test with permutation-based FDR correction, with q ≤ 0.05 517 

considered significant. 518 

 519 

Hemopexin detection by Western blot  520 

Detection of hemopexin in hemolymph: Hemolymph from An. gambiae mosquitoes was 521 

collected 30 h and 10 days post–blood meal from uninfected and P. berghei infected mice. 522 

In separate experiments, mosquito hemolymph was collected 24 h after feeding on 523 

uninfected, P. berghei-infected, and MAOP-infected mice. Twenty micrograms of total 524 

protein from each pooled hemolymph or serum sample were mixed with SDS loading 525 

buffer and resolved on a 4–12% Bis-Tris SDS-PAGE gel (Bio-Rad). Proteins were 526 

transferred onto nitrocellulose membranes, blocked for 1 h in 5% bovine serum albumin 527 

(BSA) in PBST (PBS 1× + 0.1% Triton X-100), and incubated overnight at 4 °C with mouse 528 

Hemopexin Antibody (F-12) (Santa Cruz Biotechnology) at 1 µg/mL. After washing in 529 

PBST, membranes were incubated for 1 h at room temperature with an HRP-conjugated 530 

anti-mouse secondary antibody at a final concentration of 20 ng/mL. Signal was 531 

developed using SuperSignal™ West Femto Extended Duration Chemiluminescent 532 

Substrate (Thermo Fisher Scientific) and imaged on an iBright imaging system, and band 533 

intensities were quantified by densitometry in Adobe Photoshop. As loading controls, we 534 

used either a No-Stain™ Protein Labeling Reagent (Thermo Fisher Scientific), or a 535 

lipophorin antibody.  536 



For detection of hemopexin in the mouse circulation, blood was obtained by cardiac 537 

puncture from uninfected or P. berghei-infected mice, and serum was separated by 538 

centrifugation at 3,500 × g for 15 minutes at 4 °C. SDS-PAGE and immunodetection were 539 

done as described above. Antibody against plasminogen was used as the loading control.  540 

 541 

Ae. aegypti rearing and dengue virus infections 542 

Ae. aegypti (Liverpool strain, LVP) were reared at 27 °C, 80% humidity, and a 12-h light–543 

dark cycle, with adults maintained on 10% sucrose. Females 5–7 days old received two 544 

sequential blood meals on anesthetized WT or HPx-KO mice prior to dengue virus 545 

challenge. For the third feeding, dengue virus serotype 2 (DENV2; strain New Guinea C, 546 

GenBank AF038403, propagated in C6/36 cell line) was delivered by glass membrane 547 

feeding using RBCs (30% hematocrit) isolated from HPx-KO mice, supplemented or not 548 

with hemopexin (125 µg/mL), 1 mM ATP and virus-containing medium to a final titer of 5 549 

× 10⁶ PFU/mL. Mosquitoes were offered the infectious meal for 30 min at 37 °C, and fully 550 

engorged females were selected for downstream analyses. Five days post-feeding the 551 

midguts were dissected and placed in DMEM supplemented with 10% fetal bovine serum 552 

and 1% penicillin/streptomycin and kept at -70C until titration. For plaque assay, mosquito 553 

midgut homogenates were serially diluted in DMEM supplemented with 10% fetal bovine 554 

serum and 1% penicillin/streptomycin and each dilution was inoculated in a well of BHK-555 

21 cell culture. The cells were incubated for 1h at 37°C and 5% CO2 and then covered by 556 

a 0.8% methylcellulose in DMEM (2% FBS and 1% pen/strep) overlay. Five days later the 557 

medium was removed, the cells were incubated with 1% crystal violet in acetone:ethanol 558 

solution (1:1 v/v) for 1h and then washed out for plaque development. 559 

 560 

Sand fly rearing and Leishmania donovani infections 561 

Four- to six-day-old Lutzomyia longipalpis (Jacobina colony) female sand flies were 562 

reared at 26 °C, 75% humidity, and a 12-h light–dark cycle and maintained on 30% 563 

sucrose. For infections, rabbit defibrinated blood was spiked with 5 × 10⁶ Leishmania 564 

donovani (MHOM/SD/62/1S) amastigotes per mL, isolated from a sick L. donovani–565 



infected hamster, and flies were allowed to feed for 2 h in the dark using an artificial 566 

membrane feeding system. Fully engorged females were separated and maintained 567 

under standard rearing conditions until transmission assays. Infection maturity was 568 

assessed 12 days post-infection, either after a single infected blood meal or after another 569 

uninfected blood meal was provided on day 6. The total parasite burden and the 570 

percentage of metacyclic promastigotes in individual dissected midguts (n = 5–10 flies) 571 

were quantified using a hemocytometer. 572 

Insect fitness assays 573 

An. gambiae 574 

An. gambiae fitness was assessed in 5–7-day-old females that were blood-fed on 575 

anesthetized WT or HPx-KO mice. Survival was evaluated after either a single blood meal 576 

from infected or uninfected mice or a series of three blood meals from uninfected mice on 577 

days 0, 6, and 14, allowing completion of the gonotrophic cycle between feedings; 578 

mortality of 30 females per condition was monitored daily. For fecundity (eggs laid) and 579 

fertility (percent hatch), 20 fully engorged females were isolated individually after blood 580 

feeding. Oviposition was induced 72 h post-feeding with a small cup containing water 581 

lined with wet filter paper; eggs were counted at 24 and 48 h (the 48-hour total used as 582 

the fecundity response), and fertility was calculated as the percentage of eggs producing 583 

L1 larvae. 584 

Ae. aegypti 585 

Ae. aegypti fitness was assessed in 5–7-day-old females subjected to a three-blood-meal 586 

regimen on days 0, 8, and 15, with oviposition substrate provided between feedings to 587 

induce completion of the gonotrophic cycle. Mortality of 30 females per condition was 588 

monitored daily. 589 

L. longipalpis 590 

L. longipalpis fitness was assessed in 4–6-day-old females after either a single blood 591 

meal on day 0 or two blood meals on days 0 and 6 using anesthetized WT or HPx-KO 592 



mice. Mortality of 300–500 females per condition was monitored daily for 21 days under 593 

standard insectary conditions. 594 

 595 

Immunofluorescence assays 596 

Midguts from fully engorged An. gambiae females 24 h post–blood meal on infected or 597 

uninfected mice were dissected in 1× PBS, opened longitudinally, washed to remove 598 

blood content, fixed in 4% paraformaldehyde, and washed three times. Tissues were 599 

blocked for 1 h in 5% BSA and 0.1% gelatin in PBST (PBS 1× + 0.1% Triton X-100), then 600 

incubated for 2 h with sheep anti-hemopexin or rabbit anti-hemoglobin antibodies at 2 601 

µg/mL. After washing and an additional 1 h block, samples were incubated for 2 h with an 602 

Alexa Fluor 488–conjugated secondary antibody 1:1000. Midguts were washed and 603 

stained for 30 min with Alexa Fluor 647 Phalloidin at 165 nM and Hoechst 33342 at 2 µM 604 

in PBS, then mounted on Superfrost™ Plus slides using ProLong™ Gold Antifade 605 

Mountant. Imaging was performed on a Leica SP8 DMI 6000 confocal microscope using 606 

a 63× oil-immersion objective with sequential acquisition and variable z-stacks; images 607 

were processed in IMARIS 10.2, and final adjustments were made in Adobe Photoshop 608 

27.1. 609 

 610 

Hemolymph oxidative damage assays 611 

Cell-free hemolymph from An. gambiae was collected from fully engorged females 24 h 612 

post–blood meal as described above. Hemolymph was flushed with PBS supplemented 613 

with protease inhibitor, and 10 µL was collected from each mosquito and pooled from 35 614 

individuals per condition.  615 

Lipid peroxidation was quantified by ELISA using rabbit anti–malondialdehyde (Abcam) 616 

and mouse anti–4-hydroxynonenal (clone 12F7) (Thermo Fisher) primary antibodies. 617 

Hemolymph was diluted to 20 µg/mL total protein, coated onto 96-well high-binding 618 

Maxisorp plates overnight at 4 °C, washed 10× with PBS-T (PBS 1× + 0.1% Triton X-619 

100), blocked for 1 h in 5% BSA in PBS-T, incubated with primary antibodies at 2 µg/mL 620 



for 2 h, washed again 10×, incubated for 1 h with species-specific HRP-conjugated 621 

secondary antibodies at 40 ng/mL, washed 10×, and developed with 1-Step™ Ultra TMB 622 

(Thermo Scientific) for 20 min before stopping with 0.1 N HCl and reading absorbance at 623 

450 nm.  624 

Nitrated proteins were detected from the same pooled hemolymph by Western blot using 625 

a mouse anti-nitrotyrosine antibody (Sigma-Aldrich). For H₂O₂ quantification, hemolymph 626 

was flushed with PBS containing 2 mg/mL 3-amino-1,2,4-triazole (AT), and 5 µL was 627 

collected from each mosquito and pooled from 10 individuals per condition; H₂O₂ levels 628 

were measured using the Amplex Red fluorimetric assay (Invitrogen) according to the 629 

manufacturer’s instructions. 630 

 631 

Quantification of tdTomato⁺ midgut progenitor cells by confocal imaging 632 

Midguts from An. stephensi HP10 [31] females were dissected 5 days after feeding on 633 

WT or HPx-KO mice. Dissections were made in 1× PBS, and midguts were opened 634 

longitudinally, and fixed in 4% paraformaldehyde for 30 min at room temperature. Tissues 635 

were washed three times in PBS, permeabilized for 30 min in PBST (PBS 1× + 0.1% 636 

Triton X-100), counterstained for 30 min with Hoechst 33342 (20 µM), washed, and 637 

mounted luminal side up on Superfrost™ Plus slides using ProLong™ Gold Antifade 638 

Mountant. tdTomato⁺ cells were imaged on a Leica SP8 DMI 6000 confocal microscope 639 

using a 63× oil-immersion objective with sequential acquisition and z-stacks spanning the 640 

epithelial layer. tdTomato⁺ cell volumes and nuclear-normalized measurements were 641 

quantified in IMARIS 10.2 following the methodology described in [31]. Final image 642 

adjustments were performed in Adobe Photoshop 27.1. 643 

 644 

Peritrophic matrix integrity microscopy 645 

An. gambiae females were fed blood supplemented with Alexa Fluor 488 dextran (10 kDa) 646 

dextran from WT or HPx-KO mice, and midguts were collected 24 h post–blood meal. 647 

Dissected midguts were fixed in 10% neutral buffered formalin, processed using a Leica 648 



ASP6025 tissue processor, embedded in paraffin, and sectioned at 5 µm. Sections were 649 

deparaffinized and rehydrated through graded ethanol and xylene washes, then stained 650 

for 2 h with Alexa Fluor 647 conjugated Wheat Germ Agglutinin (WGA) at 0.5 µg/mL to 651 

label the peritrophic matrix. After PBS washes and clearing in graded alcohol and xylene, 652 

sections were mounted with permanent mounting medium and coverslipped. Dextran 653 

fluorescence was imaged directly from the sections on a Leica SP8 DMI 6000 confocal 654 

microscope using a 63× oil-immersion objective with sequential acquisition of dextran and 655 

WGA channels. Peritrophic matrix integrity was evaluated by determining whether dextran 656 

remained confined within the blood bolus or showed leakage beyond the peritrophic 657 

matrix boundary. 658 

 659 

qPCR analysis of midgut bacterial load and gene expression 660 

Total RNA was extracted from individual midguts using TRIzol reagent (Thermo Fisher 661 

Scientific) according to the manufacturer’s instructions. RNA samples were treated with 662 

gDNA Wipeout for 5 min at 42 °C, and cDNA was synthesized using the QuantiTect 663 

Reverse Transcription Kit (Qiagen) for 30 min. Quantitative PCR (qPCR) was performed 664 

using the DyNamo SYBR Green qPCR Kit (Thermo Fisher Scientific) on a CFX96 Real-665 

Time PCR Detection System (Bio-Rad). The S7 ribosomal protein gene was used as the 666 

endogenous control for mosquito gene-expression analyses [49]. Total bacterial load was 667 

quantified using 16S rRNA primers as described in [42]. Relative expression and 668 

abundance values were calculated using the ΔCt method [50]. 669 

 670 

Metagenomic analysis of mosquito midgut samples 671 

Midgut microbiota composition was assessed by 16S rRNA gene amplicon sequencing. 672 

Midguts from An. gambiae females were dissected individually in single droplets of sterile 673 

1× PBS, and pools of 15 midguts per condition were generated for samples collected at 674 

48- or 96-h post–blood meal. Pooled midgut samples were immediately frozen, and DNA 675 

extraction, library preparation, and sequencing were performed by Novogene using their 676 

validated bacterial 16S rRNA V4 primer set and a high-throughput Illumina platform. 677 



Bioinformatic processing, including quality filtering, denoising, and taxonomic 678 

assignment, was carried out with the provider’s in-house analysis pipeline. Microbial 679 

community structure was evaluated through alpha- and beta-diversity analyses, including 680 

Shannon and Simpson diversity indices, and ordination-based comparisons of community 681 

composition. 682 

Microbial community structure was assessed using alpha- and beta-diversity metrics. 683 

Alpha diversity was quantified using observed richness (Observed ASVs) and the 684 

Shannon diversity index, and differences between HPxKO and control mosquitoes were 685 

evaluated using pairwise comparison within each timepoint (48h and 96h post blood 686 

meal). Beta diversity was assessed in MicrobiomeAnalyst using Bray-Curtis dissimilarities 687 

and visualized by Principal coordinates analysis (PCoA). Differences in community 688 

composition were tested using permutational multivariate analysis of variance 689 

(PERMANOVA) based on the experimental grouping factor (Ctrl-48h, Ctrl-96h, HPxKO-690 

48h and HPxKO-96h). A global PERMANOVA was performed across all four groups, 691 

followed by pairwise PERMANOVA comparisons among groups with Benjamini-Hochberg 692 

false discovery rate (FDR) correction. The homogeneity of multivariate dispersion was 693 

evaluated using PERMDISP to test group separation and dispersion. 694 

To identify genera associated with HPxKO, we performed differential abundance analyses 695 

using DESeq2. Comparisons were conducted separately at 48h and 96h post-blood meal 696 

using a single-factor design (HPxKO vs control). DESeq2 was used with its default 697 

normalization, and results are reported as log2 fold changes (log2FC). Multiple testing 698 

correction was performed using the Benjamini-Hochberg false discovery rate (FDR). 699 

Volcano plots were generated for each time point to graph differential abundance results, 700 

with genera meeting the significance level (FDR<0.05) and the pre-defined effect-size 701 

threshold highlighted in orange. Hierarchical clustered heatmaps were generated in R 702 

using genus-level normalized abundance tables after total sum scaling (TSS) to provide 703 

a genus-level comparison of abundance patterns and clustering at each time point for the 704 

top 20 genera. Genera abundances were autoscaled (z-score per genus), and 705 

hierarchical clustering was performed using Euclidean distance with Ward linkage. All 706 

plots were generated in R using ggplot2 and ggrepel packages. 707 



We analyzed 48h and 96h separately because they represent distinct post-blood meal 708 

stages and mosquito gut communities can shift rapidly over this period. Pooling of these 709 

two time points would confound HPxKO effects with the natural progression of the gut 710 

community after feeding, which would make the results difficult to interpret. In this manner, 711 

we graphed composition and ordination using all the samples to provide an overall 712 

overview but ran statistical tests (alpha diversity and DESeq2 differential abundance) 713 

separately at each time point by comparing HPxKO and control mosquitoes at 48h and 714 

at 96h to assess whether dysbiosis was detectable at each time point.  715 

 716 

Transcriptome sequencing and differential expression analysis 717 

Mosquitoes were fed on either wild-type (WT) or hemopexin-deficient (HPx-KO) mice, 718 

and tissues were collected for transcriptome analysis. Total RNA was isolated from 719 

mosquito midguts using TRIzol reagent, while carcass and ovary samples were preserved 720 

in RNAlater prior to extraction. RNA integrity and concentration were assessed using the 721 

Agilent 2100 Bioanalyzer and NanoDrop spectrophotometer, and only high-quality 722 

samples were used for library preparation. Strand-specific RNA-seq libraries were 723 

generated and sequenced on an Illumina platform to produce paired-end reads. Adapter 724 

sequences and low-quality reads were removed to obtain clean reads for downstream 725 

analyses. 726 

Clean reads were mapped to the Anopheles gambiae reference genome using a splice-727 

aware aligner, and gene expression levels were quantified for each sample. Differential 728 

expression analysis was performed between mosquitoes fed on WT and HPx-KO mice, 729 

stratified by tissue (midgut, carcass, and ovaries) and time point (24 h and 72 h). Genes 730 

with a false discovery rate (FDR) < 0.05 and an absolute log2 fold change ≥ 1 were 731 

considered differentially expressed. Functional enrichment analysis of differentially 732 

expressed genes was conducted using Gene Ontology (GO) and KEGG pathway 733 

annotations. 734 

 735 

Data availability 736 



All data needed to evaluate the conclusions are included in the manuscript and or the 737 

supplementary materials.  738 
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 877 



Figure 1. Plasmodium midgut invasion promotes the enrichment in the mosquito 878 

hemolymph of mammalian proteins associated with heme metabolism. (A) 879 

Experimental design. An. gambiae mosquitoes were fed on either uninfected or P. 880 

berghei-infected mice. Cell-free hemolymph was collected by perfusion at 30 h post-blood 881 

feeding and analyzed by label-free proteomics. (B) Protein source distribution in the 882 

mosquito hemolymph proteome. The donut chart shows the number of mosquito- and 883 

mouse-derived proteins identified by proteomic analysis. Numbers indicate the total 884 

proteins identified from each source. (C) Percentage of mouse-derived proteins detected 885 

in the hemolymph proteome of mosquitoes fed on uninfected or P. berghei-infected mice. 886 

Bars represent mean ± SEM. (D) Mouse-derived proteins identified in mosquito 887 

hemolymph. Proteins detected with at least three unique peptides are shown. FC: fold 888 

change in infected versus uninfected. Asterisks indicate proteins detected exclusively in 889 

infected samples. (E) Detection of hemopexin (HPx) in mosquito hemolymph by Western 890 

blot. Uninf: uninfected, inf: P. berghei-infected. Representatives immunoblot (top) and 891 

total protein staining used as a loading control (bottom). Relative HPx signal intensities 892 

are shown on the right. (F) HPx detection in the hemolymph of mosquitoes fed on 893 

uninfected mice (uninf), mice infected with wild-type P. berghei (inf), or mice infected with 894 

MAOP-knockout (MAOP-KO) P. berghei. Lp: lipophorin. Representative data from three 895 

independent experiments. (G–H) Localization of hemoglobin (Hgb) and hemopexin (HPx) 896 

in mosquito midguts by immunofluorescence microscopy. (G) Midguts from mosquitoes 897 

fed on P. berghei-infected mice. Ookinetes were detected with an anti-Pbs21 antibody 898 

(red), HPx is shown in green, Hgb in yellow, actin in magenta, and nuclei (DNA) in blue. 899 

Orthogonal views corresponding to the indicated xy planes are shown. (H) Midguts from 900 

mosquitoes fed on uninfected mice stained for Hgb (yellow), HPx (green), actin 901 

(magenta), and DNA (blue). L, lumen; B, basal side.  902 

 903 

 904 

 905 

 906 



 907 

Figure 2. Host hemopexin supports mosquito physiological homeostasis and 908 

fitness. (A) Experimental design. An. gambiae mosquitoes were fed on uninfected wild-909 



type (WT) or hemopexin-deficient (HPx-KO) mice on days 0, 6, and 14. (B) Kaplan–Meier 910 

survival curves of mosquitoes fed on WT or HPx-KO mice. Dotted line indicates 50% 911 

survival (t1/2). Statistical significance was assessed using the log-rank (Mantel–Cox) test. 912 

(C-D) Number of eggs laid per mosquito (C) and hatching rate (D) following blood feeding 913 

on WT or HPx-KO mice. Each dot represents an individual mosquito (C) or individual egg 914 

hatching (D). Horizontal lines indicate median values. Statistical significance was 915 

determined using the Mann–Whitney test. (E) Distribution of differentially expressed 916 

genes (DEGs) in mosquitoes fed on HPx-KO mice relative to WT controls. Each point 917 

represents a DEG in the midgut (MG), carcass (CAR), or ovary (OV) at 24 h or 72 h after 918 

blood feeding. The y-axis shows log₂ fold change (KO vs WT), and point color intensity 919 

reflects the adjusted p-value (padj). Selected genes are indicated. (F–H) Heatmaps 920 

showing expression profiles of DEGs at 72 h after blood feeding in the midgut (F), carcass 921 

(G), and ovary (H) of mosquitoes fed on WT or HPx-KO mice. Rows correspond to genes 922 

grouped according to predicted functional categories, and columns represent biological 923 

replicates. Color intensity indicates standardized expression values (Z-scores). 924 

Functional classifications and corresponding –log₁₀(p) values are shown alongside each 925 

heatmap. Data from two independent feeding experiments performed in duplicate (n = 15 926 

mosquitoes per condition). 927 
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 933 
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 935 



 936 

Figure 3. Hemopexin promotes Plasmodium infection through its heme-binding 937 

activity and supports oocyst survival after midgut invasion. (A-C) Experimental 938 



design (A). An. gambiae mosquitoes were fed on P. berghei-infected wild-type (WT) or 939 

hemopexin-deficient (HPx-KO) mice. HPx-KO mice received intravenous injections of 940 

recombinant hemopexin (rHPx) or a heme-binding-deficient mutant form (rHPxmut) before 941 

mosquito feeding. Early (B) and late (C) oocyst development were assessed by midgut 942 

dissections at 48 h and 7 days post-feeding, respectively. (D-E) Experimental design to 943 

assess the effect of hemolymph HPx on oocyst survival after midgut invasion (D). 944 

Mosquitoes fed on P. berghei-infected HPx-KO mice received intrathoracic injections of 945 

native HPx, heat-inactivated HPx (HPxheat), or PBS at 48 h post-feeding, after oocyst 946 

formation. Oocyst numbers were determined 7 days after infection (E). (F-G) 947 

Experimental design for P. falciparum infections (F). Serum was collected from WT or 948 

HPx-KO mice, heat-inactivated, and used in standard membrane feeding assays 949 

supplemented with P. falciparum gametocyte cultures. Midguts were dissected 10 days 950 

after infection for oocyst quantification (G). Representative experiments selected from 951 

three independent assays (B, C, and G) or two independent assays (E) are shown. Each 952 

dot represents one mosquito midgut, and horizontal bars indicate median values. 953 

Statistical significance was evaluated by one-way ANOVA followed by Tukey’s post hoc 954 

test.  955 

 956 

 957 
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 960 
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 962 

 963 

 964 

 965 



 966 



Figure 4. Hemopexin limits oxidative stress and maintains midgut and microbiota 967 

homeostasis. (A) Analysis of midgut barrier integrity 24 h after blood feeding. Mosquitoes 968 

were fed blood supplemented with Alexa Fluor 488-conjugated dextran (10 kDa; green), 969 

and midguts were stained with wheat germ agglutinin (WGA; red) to visualize the 970 

peritrophic matrix (PM). Nuclei were stained with Hoechst (blue). In mosquitoes fed on 971 

HPx-KO mice, disruption of the peritrophic matrix (white arrow) was associated with 972 

increased diffusion of dextran into epithelial cells (yellow arrows). Representative images 973 

from two independent experiments. (B–E) Hemolymph samples were collected from An. 974 

gambiae mosquitoes 24 h after feeding on uninfected wild-type (WT) or hemopexin-975 

deficient (HPx-KO) mice, or on HPx-KO mice supplemented intravenously with 976 

recombinant hemopexin (rHPx) or a heme-binding-deficient mutant protein (rHPxmut). 977 

Levels of hydrogen peroxide (B), 4-hydroxynonenal (4-HNE) (C), and malondialdehyde 978 

(MDA) (D) were quantified as indicators of oxidative damage. Data were pooled from 979 

three independent experiments performed in triplicate. Statistical significance was 980 

assessed by one-way ANOVA followed by Tukey’s multiple-comparison test. (E) Detection 981 

of nitrotyrosine, a marker of protein nitration, in mosquito hemolymph by Western blot. 982 

Lipophorin was used as a loading control for densitometric quantification. Representative 983 

data from two independent experiments are shown. (F) Relative expression of the 984 

bacterial 16S rRNA gene in mosquito midguts 24 h after blood feeding, determined by 985 

RT-qPCR using universal bacterial primers. Each dot represents an individual midgut. 986 

Horizontal bars indicate median values. Statistical significance was determined using the 987 

Mann–Whitney test. (G) Relative abundance of the fifteen most abundant bacterial 988 

genera in mosquitoes fed on WT or HPx-KO mice at 48 h and 96 h after blood feeding. 989 

(H) Differential abundance analysis of bacterial genera at 48 h and 96 h post-blood 990 

feeding using DESeq2. Each point represents a bacterial genus. Orange dots represent 991 

genera significantly enriched or depleted in HPx-KO-fed mosquitoes (FDR < 0.05), and 992 

selected genera are indicated. 993 

 994 

 995 

 996 



 997 

Figure 5. Hemopexin supports dipteran fitness and parasite development across 998 

vector systems. (A-B) Experimental design for Ae. aegypti survival assays (A). Mosquito 999 

survival after feeding on uninfected wild-type (WT) or hemopexin-deficient (HPx-KO) mice 1000 

on days 0, 8, and 15 (B). Dotted line indicates 50% survival (t1/2). Data were pooled from 1001 

two independent experiments performed in duplicate (n = 30 mosquitoes per assay). 1002 

Statistical significance was assessed using the log-rank (Mantel–Cox) test. (C-D) 1003 

Experimental design for dengue virus (DENV-2) infection assays (C). Red blood cells 1004 

(RBCs) were isolated from HPx-KO mice and mixed with DENV-2 in the presence or 1005 

absence of recombinant hemopexin (HPx) before membrane feeding to Ae. aegypti. 1006 



Midguts were dissected 7 days post-infection for viral quantification (D). PFU: plaque-1007 

forming units per midgut. Each dot represents one midgut and horizontal bars indicate 1008 

median values. Data are representative of two independent experiments (n = 25 1009 

mosquitoes per group). (E-F) Experimental design for Leishmania donovani infections in 1010 

L longipalpis (E). L. longipalpis survival after feeding through an artificial membrane on 1011 

blood containing parasites mixed with blood from WT or HPx-KO mice. and midguts were 1012 

dissected 12 days later. (F) Survival of sand flies after feeding blood from WT or HPx-KO 1013 

mice. Representative data from three biological replicates are presented. Statistical 1014 

significance was assessed using the log-rank (Mantel–Cox) test. (G) Total L. donovani 1015 

parasite burden per sand fly midgut 12 days after infection. Each dot represents one 1016 

midgut, and horizontal bars indicate median values. (H) Percentage of infectious 1017 

metacyclic promastigotes in individual infected midguts. Metacyclic frequencies were 1018 

calculated only from parasite-positive midguts. Data in panels G and H represent pooled 1019 

results from three biological replicates (n = 28 midguts per group). Statistical significance 1020 

was determined using the Mann–Whitney test. 1021 
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SUPPLEMENTARY FIGURES 1034 

 1035 



Supplementary Figure 1. Detection of hemopexin and hemoglobin in P. berghei-infected 1036 

midguts. (A) P. berghei ookinetes were labeled with a Pbs21 monoclonal antibody (red), 1037 

and nuclei were labeled with Hoechst (blue). The white arrow points the invaded midgut 1038 

cells, and the red arrow points the ookinete. (B) Detection of hemopexin inside midgut 1039 

cells in a region of an infected midgut with no detectable parasites. L: midgut lumen, B: 1040 

midgut basal side. Colored dotted lines define the xy planes. 1041 

 1042 

 1043 

Supplementary Figure 2. Detection of hemopexin in mouse serum following P. berghei 1044 

infection. Serum samples from naïve and P. berghei-infected mice were analyzed by 1045 

Western blot using an anti-hemopexin (HPx) antibody. Plasminogen (Plg) was used as a 1046 

loading control. Representative blot from three independent experiments. 1047 

 1048 



 1049 

 1050 

Supplementary Figure 3. Hemopexin contributes to mosquito survival following malaria 1051 

infection. (A) Experimental design. An. gambiae mosquitoes were fed on uninfected wild-1052 

type (WT) mice, P. berghei-infected WT mice, or P. berghei-infected hemopexin-deficient 1053 

(HPx-KO) mice. (B) Survival of mosquitoes following a single blood meal. Kaplan–Meier 1054 

survival curves are shown, with the dotted line indicating 50% survival (t1/2). Mosquitoes 1055 

fed on P. berghei-infected HPx-KO mice exhibited reduced survival compared with 1056 

mosquitoes fed on infected WT mice. Data pooled from two independent experiments 1057 

performed in duplicate (n = 30 mosquitoes per assay). Statistical significance was 1058 

assessed using the log-rank (Mantel–Cox) test. 1059 

 1060 



 1061 

 1062 

Supplementary Figure 4. Hemopexin–heme interaction assay. Binding of increasing 1063 

concentrations of commercial human hemopexin, and lab-produced wild-type or mutant 1064 

recombinant hemopexin, to hemin immobilized in gelatin was quantified using an ELISA-1065 

based assay adapted from Bozinovic et al. (2020). Hemopexin bound to the hemin gelatin 1066 

was detected using a mouse anti-hemopexin antibody (SC-373675, Santa Cruz 1067 

Biotechnology) followed by an HRP-conjugated anti-mouse secondary antibody. Signal 1068 

was developed with TMB substrate (34028, Sigma). 1069 

 1070 

 1071 

 1072 

 1073 

 1074 

 1075 

 1076 



 1077 

 1078 



 1079 



Supplementary Fig. 5. Absence of hemopexin in the blood meal results in 1080 

peritrophic matrix disruption. Alexa Fluor 488–labeled dextran (10 kDa, green) 1081 

diffusion into midgut epithelial cells was examined 24 hours after ingestion of dextran-1082 

supplemented blood from WT or HPx-KO mice. The peritrophic matrix (PM, white 1083 

arrows) was visualized by wheat germ agglutinin (WGA) staining (red). (A) 1084 

Representative whole mosquito midguts images.  (B) High resolution images of 1085 

representative areas showing presence or absence of dextran diffusion into the midgut 1086 

epithelium and peritrophic matrix integrity. Yellow arrows point to dextran diffusion inside 1087 

the epithelial cells. Scale bars are included in all images. 1088 

 1089 

 1090 

 1091 

 1092 

 1093 

 1094 

Supplementary Figure 6. Increased midgut damage in mosquitoes fed on hemopexin-1095 

deficient mice. Representative confocal images of midguts from An. stephensi 1096 

mosquitoes expressing tdTomato in proliferating midgut stem cells fed on wild-type (WT) 1097 

or hemopexin-deficient (HPx-KO) mice. Midguts were stained with wheat germ agglutinin 1098 

(WGA, red) and Hoechst (blue). Quantification of the WGA-positive area is shown on the 1099 



right. Data pooled from three independent experiments (n = 10 midguts per group). 1100 

Statistical significance was determined using an unpaired t-test. Scale bars, 50 μm. 1101 



 1102 



Supplementary Fig. 7. WGA staining of mosquito midguts 24 h post–blood feeding. 1103 

Mosquitoes were fed on wild-type (WT) or hemopexin-deficient (Hpx-KO) mice. Midguts 1104 

were dissected 24 h after feeding and stained with wheat germ agglutinin (WGA). WGA 1105 

strongly labels the peritrophic matrix at the periphery of the blood bolus and additionally 1106 

stains the midgut microbiota within the bolus (yellow arrows). Increased WGA staining is 1107 

observed in the blood bolus of mosquitoes that fed on Hpx-KO mice compared to those 1108 

that fed on WT mice. 1109 

  1110 

 1111 

 1112 

Supplementary Figure 8. Microbiome diversity and taxonomic composition in 1113 

mosquitoes fed on hemopexin-deficient mice. (A) Alpha diversity analysis of the midgut 1114 

microbiota at 48 h and 96 h after blood feeding on wild-type (WT) or hemopexin-1115 



deficient (HPx-KO) mice. Richness (Observed taxa) and diversity (Shannon index) are 1116 

shown for each condition. Statistical significance was assessed using Welch’s t-test 1117 

(*P < 0.05, **P < 0.01; ns, not significant). (B) Principal coordinates analysis (PCoA) 1118 

based on microbial community composition at 48 h and 96 h post-blood feeding. Each 1119 

point represents an individual biological replicate. Community structure differences 1120 

were evaluated using PERMANOVA. (C–D) Hierarchical clustering heatmaps of the 20 1121 

most abundant bacterial genera in mosquitoes fed on WT or HPx-KO mice at 48 h (C) 1122 

and 96 h (D) after blood feeding. Color intensity represents scaled relative abundance 1123 

values, and clustering was performed using Euclidean distance and Ward’s linkage 1124 

method. 1125 

 1126 

 1127 

Supplementary Fig. 9. Levels of lipid peroxidation in Ae. aegypti hemolymph, assessed 1128 

by measuring the oxidative stress markers 4-hydroxynonenal (4-HNE) (A) and 1129 

malondialdehyde (MDA) (B). Quantification was performed using ELISA-based assays. 1130 

Data pooled from two independent experiments, each conducted in triplicate. Statistical 1131 

comparisons were performed using unpaired t-test, as indicated in the figure. 1132 

 1133 



 1134 

 1135 

Supplementary Figure 10. Effect of recombinant hemopexin supplementation on 1136 

dengue virus infection in Ae. aegypti. (A) Experimental design. Ae. aegypti mosquitoes 1137 

were fed on wild-type (WT) or hemopexin-deficient (HPx-KO) mice on days 0 and 8. On 1138 

day 15, red blood cells (RBCs) were isolated from HPx-KO mice and mixed with dengue 1139 

virus serotype 2 (DENV-2) in the presence or absence of recombinant hemopexin (HPx). 1140 

Mosquitoes were infected through an artificial membrane feeder, and midguts were 1141 

dissected 7 days later (day 22) for viral quantification. (B) DENV-2 infection intensity in 1142 

individual mosquito midguts determined by plaque assay and expressed as plaque-1143 

forming units (PFU) per midgut. Each dot represents one mosquito midgut, and black 1144 

bars indicate median values. Data pooled from two independent experiments (n = 25 1145 

mosquitoes per group). 1146 



 1147 

 1148 

 1149 

 1150 

Supplementary figure 11. Long-term detrimental effect of blood from hemopexin 1151 

knockout mice on L. donovani development in sand flies. A-B) At day 21 post-infection, 1152 

the total parasite load (A) and percent infectious metacyclics (B) per sand fly midgut 1153 

were assessed in sand flies that took a second uninfected blood meal on day 6 (BM2). 1154 

The percentage of metacyclic promastigotes was calculated only for midguts positive for 1155 

parasites (A). Data from one biological experiment, n= 8-10 midguts per group. 1156 

Statistical analysis by Mann-Whitney test. ****P<0.0001.  1157 

 1158 

 1159 

 1160 

 1161 

 1162 



Supplementary Data Description 1163 

Supplementary Data 1. Mouse-derived proteins identified in mosquito hemolymph 1164 

by label-free proteomics. Mouse proteins detected in cell-free hemolymph from 1165 

Anopheles gambiae mosquitoes fed on uninfected or Plasmodium berghei-infected mice. 1166 

Raw LC-MS/MS data were processed using MaxQuant. Also included are the detected 1167 

mosquito proteins. 1168 

Supplementary Data 2. Differentially expressed genes in mosquito midguts 1169 

following blood feeding on hemopexin-deficient mice. RNA-seq analysis of An. 1170 

gambiae midguts collected 24 h and 72 h after feeding on wild-type (WT) or hemopexin-1171 

deficient (HPx-KO) mice. 1172 

Supplementary Data 3. Differentially expressed genes in mosquito carcasses 1173 

following blood feeding on hemopexin-deficient mice. RNA-seq analysis of mosquito 1174 

carcasses collected 24 h and 72 h after feeding on WT or HPx-KO mice.  1175 

Supplementary Data 4. Differentially expressed genes in mosquito ovaries 1176 

following blood feeding on hemopexin-deficient mice. RNA-seq analysis of ovaries 1177 

collected 24 h and 72 h after feeding on WT or HPx-KO mice.  1178 

Supplementary Data 5. Functional enrichment analysis of differentially expressed 1179 

genes in mosquito midguts. Gene Ontology (GO) and pathway enrichment analysis of 1180 
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