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Abstract 15 

Anopheles mosquitoes are the sole vector of human malaria, the most burdensome 16 

vector-borne disease worldwide. Strategies aimed at reducing mosquito populations and 17 

limiting their ability to transmit disease show the most promise for disease control. 18 

Therefore, gaining an improved understanding of mosquito biology, and specifically that 19 

of the immune response, can aid efforts to develop new approaches that limit malaria 20 

transmission. Here, we use a genome-wide CRISPR screening approach for the first time 21 

in mosquito cells to identify essential genes in Anopheles and identify genes for which 22 

knockout confers resistance to clodronate liposomes, which have been widely used in 23 

mammals and arthropods to ablate immune cells. In the essential gene screen, we 24 

identified a set of 1280 Anopheles genes that are highly enriched for genes involved in 25 

fundamental cell processes. For the clodronate liposome screen, we identified several 26 

candidate resistance factors and confirm their roles in the uptake and processing of 27 

clodronate liposomes through in vivo validation in Anopheles gambiae, providing new 28 

mechanistic detail of phagolysosome formation and clodronate liposome function. In 29 

summary, we demonstrate the application of a genome-wide CRISPR knockout platform 30 

in a major malaria vector and the identification of genes that are important for fitness and 31 

immune-related processes.  32 
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Introduction 33 

Mosquitoes are essential vectors for the transmission of a variety of bacterial, viral, and 34 

parasitic pathogens that cause significant socioeconomic burden and mortality across the 35 

globe1–3. Among mosquito-borne diseases, malaria causes more than 200 million clinical 36 

cases and 600,000 deaths every year4, and is transmitted exclusively through the bite of 37 

an Anopheles mosquito. As a result of their public health importance, mosquitoes have 38 

become an emerging model system to examine aspects of development5, blood-feeding 39 

physiology6, vector-pathogen interactions7, and gene-drive technologies8; each with the 40 

ultimate goal of developing approaches to reduce the devastating impacts of mosquito-41 

borne disease transmission.  42 

There has been significant progress in our biological understanding of mosquito species 43 

through the development of genetic tools utilizing RNAi9, transgenesis10,11, and site-44 

directed mutagenesis12–15. However, these reverse-genetic approaches only enable the 45 

investigation of candidate gene phenotypes. In contrast, the development of forward-46 

genetic screen technologies would make it possible to associate genes with phenotypes 47 

in an unbiased manner and thereby uncover mosquito-specific as well as conserved gene 48 

functions. CRISPR gene editing technology has made it easier to perform genetics in 49 

mosquitos and other non-model species16, and CRISPR technologies are being applied 50 

as an in vivo research tool and potential intervention in mosquito populations, including 51 

mosquitoes of the Anopheles genus17,18. What has remained lacking, however, is an 52 

efficient system for genome-wide forward genetic screening using CRISPR or other 53 

similar technologies. 54 

To address this need, we recently developed a platform for pooled-format CRISPR 55 

screening in mosquito cells, based on the CRISPR screen platforms we developed for 56 

Drosophila S2R+ cells19,20. For this approach, we use recombination mediated cassette 57 

exchange (RMCE) to integrate single guide RNAs (sgRNAs) into the genome, making it 58 

possible to later associate screen assay phenotypes with genotypes. Application of this 59 

approach in Drosophila cells has resulted in the identification of essential genes19,21, a 60 

novel transporter for the insect hormone ecdysone22, and receptors of bacterial toxins23. 61 

To extend this approach to Anopheles, we first engineered the Anopheles Sua-5b cell line 62 
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with attP sites for RMCE and stable expression of Cas9 (i.e., a ‘screen-ready’ cell line); 63 

identified pol III promoters for sgRNA expression in Anopheles cells; and developed an 64 

approach to sgRNA design for screens in Anopheles Sua-5b cells. Then, in a pilot study, 65 

we introduced into the screen-ready Sua-5b cells a library of 3,487 sgRNAs and screened 66 

for cells resistant to treatment with rapamycin, ecdysone, or trametinib24. As expected, 67 

we were able to precisely and efficiently identify the Anopheles orthologs of the targets of 68 

these treatments24, opening the doors for the first time to application of large-scale 69 

forward-genetic screening in Anopheles cells.  70 

One of our goals in developing the genome-wide cell screening platform was to contribute 71 

to our understanding of mosquito immune responses and cellular immune function25. 72 

Mosquito immune cells, known as hemocytes, are essential components of the innate 73 

immune system26 and have integral roles in shaping mosquito vector competence to both 74 

arbovirus27,28 and malaria parasite infection29–33. With few genetic resources available for 75 

the in vivo study of mosquito hemocytes, we recently adapted the use of clodronate 76 

liposomes, which have traditionally been used in mammalian systems for macrophage 77 

depletion34,35, to chemically ablate macrophage-like immune cell populations across 78 

arthropod species32,36,37. This methodology has been instrumental to our growing 79 

understanding of the role of macrophage-like granulocyte populations in mosquitoes and 80 

their contributions to host survival and pathogen infection outcomes28,32,36. However, 81 

despite the widespread use of clodronate liposomes in vertebrate and invertebrate 82 

systems, we still lack a mechanistic understanding of how they gain entry and are 83 

processed to promote targeted cell ablation. We reasoned that the application of a 84 

genome-wide CRISPR screen has the potential to identify factors that are required for 85 

clodronate liposome-mediated cell ablation, providing a methodology to better 86 

understand clodronate liposomes as a research tool. 87 

Herein, we perform genome-wide CRISPR screens in an Anopheles mosquito cell line 88 

that identify ~1300 essential genes responsible for cell viability and growth, as well as 89 

discern several genes involved in the uptake and processing of clodronate liposomes that 90 

provide novel insights into the mechanism by which they promote cell ablation. These 91 

results demonstrate the potential of forward-genetic screens in mosquito cell lines that 92 
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have important implications for advancing our understanding of cellular immune function 93 

and the development of new mosquito control strategies. 94 

Results 95 

Genome-wide CRISPR knockout screen to identify essential genes in Anopheles 96 

To extend the pooled screen approach to genome-wide scale, we first cloned a library of 97 

89,711 unique sgRNAs targeting 93% of Anopheles genes, with ~96% of these genes 98 

targeted by 7 sgRNAs per gene based on our previously reported sgRNA design resource 99 

for this species24 (Fig. 1a and 1b). This set was supplemented with positive and negative 100 

control sgRNAs and others, resulting in a total library of 90,208 sgRNAs (Supplementary 101 

Table 1). We then introduced the library into CRISPR ‘screen-ready’ (attP+, Cas9+) 102 

Anopheles Sua-5b cells24 in the presence of ΦC31 integrase to generate a pool of 103 

knockout (KO) cells (Fig. 1a). Our first goal for genome-wide screening was to use a 104 

‘dropout’ assay (negative selection assay) to identify genes for which knockout results in 105 

decreased fitness, growth arrest, and/or cell death (hereafter, “essential genes”). After 8 106 

weeks of outgrowth of the KO cell pool, we compared the relative abundance of each 107 

sgRNA in the outgrowth pool to the distribution of sgRNAs in the starting plasmid library 108 

by NGS followed by MAGeCK MLE analysis38 (Supplementary Table 2). Using the 109 

relationship between gene expression and Z-score rank, we identified 1280 putative 110 

essential genes with 95% confidence (FDR=0.05) (Fig. 1c). As expected, the majority of 111 

guides targeting genes annotated as components of the cytoplasmic or mitochondrial 112 

ribosome, the spliceosome, or the proteasome have negative Z-scores, consistent with 113 

essentiality in this assay (Fig. 1d).   114 

To further examine the essential gene data set, we first identified Drosophila orthologs of 115 

the Anopheles genes identified in the screen, then performed gene set  enrichment 116 

analysis (GSEA) using PANGEA39, a gene set enrichment tool that includes query of 117 

manually curated annotations for Drosophila (Supplementary Fig. 1 and 118 

Supplementary Table 2). We performed GSEA using generic gene ontology (GO) terms 119 

for biological process40 and as expected, found that the gene list is enriched for 120 

fundamental cellular processes such as DNA and RNA metabolism and cell cycle 121 
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components (Supplementary Fig. 1). Next, we analyzed the list using as a reference the 122 

curated Gene List Annotation for Drosophila (GLAD) resource41 and similarly identified 123 

gene groups corresponding to fundamental activities or structures, e.g. components of 124 

the ribosome, proteasome, and spliceosome (Supplementary Fig. 1). Finally, we used 125 

PANGEA to perform GSEA using as a reference a set of phenotypes associated with 126 

classical mutations as annotated by FlyBase42. Consistent with our expectations, the top-127 

enriched phenotype is “cell lethal.” In addition, we found other enriched cell phenotypes, 128 

including “decreased occurrence of cell division,” “abnormal cell cycle,” and “abnormal 129 

cell size” (Supplementary Fig. 1). 130 

Strikingly, we identified a single gene, ypsilon schachtel (yps) (AGAP006108; 131 

FBgn0222959), a ribonucleoprotein complex component43, that appears to limit cell 132 

growth in both Anopheles and Drosophila cells19, as suggested by the notable growth 133 

advantage in yps knockout cells (Fig. 1e, upper-right quadrant). Included among the 134 

Anopheles genes that negatively impacted growth, we identified the ortholog of 135 

Drosophila serpent (srp; AGAP002238; FBgn0003507), a GATA transcription factor 136 

involved in Drosophila hematopoiesis44,45. When srp was silenced in vivo in adult female 137 

Anopheles gambiae, we see reduced hemocyte numbers and increased malaria parasite 138 

infection (Supplementary Fig. 2), supporting that srp has similar roles in mosquito 139 

hematopoiesis and immune function.  140 

Comparison with essential gene screen data from Drosophila and human cells 141 

As a data quality analysis step, we next compared putative essential genes identified in 142 

this screen with essential genes identified in a similar screen in Drosophila21. To do this, 143 

we first mapped Anopheles genes to Drosophila orthologs using DIOPT (v 9.0) and 144 

filtered the results based on the DIOPT score. For genes in each ortholog pair, we 145 

graphed the corresponding Z scores and found a high degree of overlap between genes 146 

that scored as essential in the two species (Fig. 1e, lower-left quadrant), supporting the 147 

validity of the results of the essential gene screening platform in Anopheles cells. We next 148 

used the list of Drosophila orthologs to ask how many genes are in common in the 149 

Anopheles essential gene list and a similar list generated using an optimized CRISPR 150 

knockout screen platform in Drosophila S2R+21. The 1280 mosquito genes map to 1213 151 

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

The copyright holder for this preprintthis version posted September 24, 2024. ; https://doi.org/10.1101/2024.09.24.614595doi: bioRxiv preprint 

https://paperpile.com/c/pcBwhJ/6IHR
https://paperpile.com/c/pcBwhJ/7oK8
https://paperpile.com/c/pcBwhJ/Ld4B
https://paperpile.com/c/pcBwhJ/KuMv
https://paperpile.com/c/pcBwhJ/lzyU+xVuF
https://paperpile.com/c/pcBwhJ/63jk
https://paperpile.com/c/pcBwhJ/63jk
https://doi.org/10.1101/2024.09.24.614595
http://creativecommons.org/licenses/by-nc-nd/4.0/


Drosophila genes and of these, 88% (1073/1213) were identified as essential in the 152 

Drosophila cell screen (Supplementary Table 3).  153 

The results of comparison of essential genes in Anopheles and Drosophila cell screen 154 

datasets suggests that many of the genes are generally required for cell growth and 155 

viability but is confounded by the fact that both Anopheles Sua-5b and Drosophila S2R+ 156 

cell lines are considered hemocyte-like (blood-like) cell types, such that conserved factors 157 

essential for insect cell hemocytes could be included in both lists. To explore this further, 158 

we next mapped genes on the Anopheles essential gene list to human orthologs, and 159 

asked how many of these genes are included in a core list of 684 human cell-essential 160 

genes compiled based on data from 17 human cell knockout screens46. The 1280 161 

Anopheles essential genes mapped to 1185 human orthologs and of these, 34% 162 

(398/1185) are among the core human essential genes (Supplementary Table 3), 163 

suggesting that these 398 genes are conserved genes essential in distantly related 164 

metazoan cells. 165 

Genome-wide CRISPR screen for resistance to clodronate treatment 166 

Recent studies have demonstrated the use of clodronate liposomes as a valuable tool to 167 

probe cellular immune function in arthropods32,36,37, yet at present, we lack a fundamental 168 

understanding of how they function. Even in vertebrate systems, where clodronate 169 

liposomes have been more widely used34,35, there is only limited mechanistic information 170 

as to how these particles function47. As a result, we reasoned that screening for resistance 171 

to clodronate liposome-mediated cell ablation in Anopheles Sua-5b cells, a hemocyte-like 172 

cell line48, could reveal important factors relevant to clodronate liposome function in 173 

mosquito immune cells. To initiate a genome-wide clodronate liposome selection-based 174 

screen, we first tested the effects of treatment of screen-ready Sua-5b cells with a range 175 

of concentrations of clodronate liposomes or control (empty) liposomes to determine the 176 

appropriate concentrations for a selection-based screen (Fig. 2a). We found that the IC50 177 

of the clodronate liposomes for Sua-5b cells was 7.4 μM, whereas the IC50 of control 178 

liposomes was approximately 11-fold higher (81.6 μM; Fig. 2a). To perform the screen, 179 

we subjected a pooled library of Sua-5b KO cells to continuous selection with clodronate 180 

liposomes (“Clodronate A” group), treated them for 4 days with clodronate liposomes then 181 
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followed by outgrowth in standard media (“Clodronate B” group), or treated them 182 

continuously with control liposomes for a total of three cycles of treatment/outgrowth (Fig. 183 

2b). Following the last cycle of outgrowth, we used deep amplicon sequencing and 184 

MAGeCK analysis38 to compare sgRNA abundance in each of the two experimental and 185 

the control population (Supplementary Table 4).  186 

To identify candidate genes involved in clodronate uptake and/or processing, we 187 

compared the liposome control to the clodronate treatment groups (i.e., we compared 188 

Clodronate A or Clodronate B treatments to the liposome control). We were able to 189 

identify genes enriched in the experimental groups (Fig. 2c). The top-scoring gene in the 190 

continuous treatment (Clodronate A) group is a predicted Anopheles ortholog of the 191 

mammalian GALM (AGAP008154), whereas the top-scoring gene in the Clodronate B 192 

group is a predicted ortholog of mammalian PPP2R1A and Pp2A-29B in Drosophila 193 

(herein referred to as Pp2A-29B; AGAP009105). While some top-scoring genes were 194 

different between the two treatment groups, twelve genes scoring in the top 50 hits were 195 

found in common between both screens (Fig. 2c). This includes Pp2a-29B, PPME1 196 

(AGAP008336), SMCO4 (AGAP003534), RIOK3 (AGAP009993), Inx2 (AGAP001488), 197 

PAFAH1B2 (AGAP000939), Tsp3A (AGAP002257), TMEM147 (AGAP008757), 198 

FAM117B (AGAP011572), jbug (AGAP007006), caz (AGAP001645), and AGAP011017. 199 

To reveal the genetic determinants of clodronate liposome uptake and induced toxicity, 200 

we performed similar GSEA analyses as for the essential gene set (Supplementary 201 

Table 2), on the top scoring genes conferring resistance to clodronate liposome treatment 202 

from each screen. GSEA was performed with GO biological process terms from standard 203 

GO sets (“GO hierarchy” at PANGEA); GO subsets specifically curated for Drosophila by 204 

Flybase42 and the Alliance for Genome Resources49 (Slim2); and FlyBase Gene 205 

Groups50. A common theme that emerged from our GSEAS analysis was the enrichment 206 

for methyltransferases and gene sets enriched in the Drosophila GO analysis included an 207 

“autophagy” gene set (Fig. S3 and Supplementary Table 4). 208 

Optimization of clodronate liposome concentrations and timing of uptake in vivo   209 

Previous in vivo studies using clodronate liposomes in An. gambiae were performed using 210 

a concentration of ~120 μM/ml (1:5 dilution)32,33,51, a concentration much higher than the 211 
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~8 μM/ml concentration used herein for our in vitro screening experiments (Fig. 2a). To 212 

confirm that this lower concentration was still able to promote cell ablation in vivo, we 213 

compared the efficiency of clodronate liposomes at the 1:5 dilution with that of a 1:50 214 

dilution (~12 μM/ml; comparable to that used in in vitro experiments). Using the 215 

expression of eater and Nimrod B2 as a proxy for mosquito immune cell (granulocyte) 216 

numbers as previously32,33,36,37,51, both the 1:5 and 1:50 clodronate liposome dilutions  217 

were able to promote similar reductions in eater and Nimrod B2 (Supplementary Fig. 4), 218 

suggesting that both concentrations were equally effective in their ability to reduce 219 

mosquito immune cell populations in vivo.  220 

Similarly, while previous studies have demonstrated the utility of clodronate liposomes to 221 

deplete immune cell populations in flies, mosquitoes, and ticks32,33,36,37,51, the precise 222 

timing required for phagocyte depletion has not been previously examined. Therefore, we 223 

utilized fluorescent liposome particles (LP-DiO) to determine the temporal kinetics of 224 

liposome uptake and subsequent phagocyte depletion. When examined at multiple time 225 

points after injection, the uptake of fluorescent LP-DiO particles peaked at 6h post-226 

injection (with ~37% of hemocytes LP-DiO+), before the percentage of LP-DiO+ cells 227 

began to decrease over time (Supplementary Fig. 5). To validate these findings in the 228 

context of clodronate-mediated phagocyte depletion, we performed similar time-course 229 

experiments following the injection of control or clodronate liposomes to evaluate the 230 

timing needed to initiate phagocyte depletion. When granulocyte numbers were assessed 231 

by proxy via qPCR through the expression of eater and Nimrod B232,33,36,37,51, there was 232 

no effect on granulocyte numbers at 6 hours post-injection, yet by 8 hours there was a 233 

significant and sustained reduction in eater and Nimrod B2 transcripts indicative of 234 

granulocyte depletion (Supplementary Fig. 5). Together, these data suggest that 235 

liposome uptake occurs within hours post-injection and that liposomes are quickly 236 

processed to promote phagocyte depletion. Since previous studies have only evaluated 237 

phagocyte depletion at 24 or 48h post-injection32,33,36,37,51, these data provide greater 238 

resolution into the timing of liposome processing, enabling a more precise evaluation of 239 

candidate genes identified in our CRISPR screen to examine clodronate liposome 240 

function.   241 
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In vivo validation of candidate genes 242 

We next identified candidates from the CRISPR cell screen (Fig. 2) for further validation 243 

in vivo in An. gambiae hemocytes. To do this, the top 50 hits from each replicate (of which 244 

12 genes were identified in both screens) were cross-referenced with a previous scRNA-245 

seq of An. gambiae hemocytes51 to confirm their expression in mosquito granulocyte 246 

populations (Fig. 3a). Candidates were selected for further analysis based on their 247 

presence in both screens and predicted functional annotations (Fig. 2c, Supplementary 248 

Table 4). A total of 10 candidates were selected for further validation in vivo (Fig. 3a) 249 

using RNA interference (RNAi). To evaluate the role of each candidate gene, we 250 

performed dsRNA injections for all 10 candidate genes, resulting in the successful 251 

knockdown of 5 out of the 10 genes (Tsp3A; PGAP6, AGAP002672; Traf6, AGAP003004; 252 

GstD3, AGAP004382; TMEM147) when evaluated at two days post-injection (Fig. 3b). 253 

Additional experiments to examine gene-silencing at four days post-injection for the 254 

remaining candidates similarly failed to induce a knockdown (Supplementary Fig. 6), 255 

suggesting that these genes are not amenable to gene-silencing.  256 

To confirm candidate gene function in clodronate liposome-mediated phagocyte 257 

depletion, RNAi was performed in adult female mosquitoes before injection with control 258 

or clodronate liposomes. The influence of RNAi on clodronate-mediated granulocyte 259 

depletion was then evaluated at 8 or 24 hours via the expression of eater and Nimrod B2 260 

as a proxy of granulocyte numbers32,33,36,37,51 (Fig. 3c). While clodronate liposome 261 

treatment significantly reduced eater and Nimrod B2 expression at both 8- and 24-hours 262 

post-injection in dsGFP controls (Fig. 3d), silencing of Tsp3A, PGAP6, Traf6, GstD3, and 263 

TMEM147 each impaired phagocyte depletion, resulting in higher expression levels of 264 

eater and Nimrod B2 when compared to controls (Fig. 3d). There was variance amongst 265 

the five candidate genes examined in their effects on phagocyte depletion, with the 266 

silencing of Traf6 displaying the weakest phenotype (only affecting eater at 8 hours), while 267 

PGAP6 silencing completely inhibited the effects of clodronate liposome treatment at 8 268 

and 24 hours for both reporter genes examined (Fig. 3d). Together, these phenotypes 269 

confirm the role of each candidate gene in clodronate liposome-mediated phagocyte 270 

depletion.  271 
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Liposome uptake is mediated by phagocytosis 272 

To better understand the roles of our candidate genes and the uptake mechanisms of 273 

clodronate liposomes in invertebrate cells, we first examined the influence of endocytic 274 

pathways on liposome uptake. Using pharmacological inhibitors that target endocytosis 275 

(chlorpromazine, CPZ)52–54 or phagocytosis (cytochalasin, CytoD)55–58 (Fig. 4a), 276 

mosquitoes were intrathoracically injected with each inhibitor or 10% DMSO as a control 277 

to determine the role of each respective pathway on liposome uptake. When mosquitoes 278 

were challenged with LP-DiO particles following inhibitor treatment, the uptake of LP-DiO 279 

particles was significantly impaired only in mosquitoes treated with CytoD (Fig. 4b), 280 

suggesting that liposome uptake is dependent on immune cell phagocytosis. Additional 281 

experiments confirm that CytoD treatment impairs phagocyte depletion (Fig. 4c), 282 

demonstrating that phagocytic function is integral to clodronate liposome-mediated 283 

phagocyte depletion.   284 

After demonstrating that CytoD treatment impedes phagocytosis in vivo (Fig. 4d), we 285 

sought to address whether any candidate genes identified in the CRISPR screen may 286 

similarly influence phagocytosis and liposome uptake. When phagocytosis experiments 287 

were performed following RNAi-mediated gene silencing, only the Traf6-silenced 288 

background displayed notable defects in phagocytic ability (Fig. 4e). This suggests that 289 

the impairment of clodronate liposome-mediated phagocyte depletion by Traf6 RNAi 290 

(Figs. 3a and 3d, Supplementary Table 4) is likely mediated through phagocytic function 291 

(Fig. 4f). Moreover, the minimal influence of the remaining candidate genes on 292 

phagocytosis suggests that their function lies downstream of liposome uptake.  293 

Candidate genes that impair clodronate liposome processing are involved in 294 

phagolysosome formation  295 

Following phagocytic uptake, internalization results in the formation of an early 296 

phagosome that undergoes maturation and ultimately fuses with the lysosome to form a 297 

phagolysosome, facilitating pathogen killing and protein degradation59–61 (Fig. 5a). To 298 

better understand how clodronate liposomes are processed following phagocytosis and 299 

to identify potential roles of our candidate genes in this process, we again utilized LP-DiO 300 

particles to visualize liposome uptake and processing in mosquito immune cells. 301 
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Approximately 8 hours post-injection, LP-DiO particles colocalize with lysosomes (Fig. 302 

5b), indicating that the normal processing of liposome particles involves the formation of 303 

the phagolysosome (Fig. 5a). In addition, we observed distinct patterns of DiO localization 304 

in immune cells, with some cells displaying punctate DiO localization, suggesting the 305 

presence of intact LP-DiO particles (referred to as LP-DiO+ cells, Fig. 5c), or those that 306 

displayed a more diffuse pattern of DiO suggesting the breakdown and release of the LP-307 

DiO particles (referred to as DiO+ cells, Fig. 5d). When these phenotypes were quantified 308 

in our candidate gene backgrounds, both Tsp3A and Traf6 RNAi displayed a significant 309 

increase in the accumulation of LP-DiO+ cells (Fig. 5c). Conversely, silencing of Tsp3A, 310 

PGAP6, and TMEM147 significantly reduced the percentage of cells that were DiO+ (Fig. 311 

5d), suggesting that these RNAi backgrounds were impaired in their abilit to breakdown 312 

LP-DiO+ particles. Together, these data suggest that each of our candidate genes, with 313 

the exception of GstD3, contribute to the internal processing of liposome particles likely 314 

through the formation of the phagolysosome.   315 

To further validate this phenotype, we performed additional experiments using 316 

Bafilomycin A1 (BAF A1), an inhibitor of lysosome acidification and phagolysosome 317 

formation (Fig. 5a). Similar to the DiO localization phenotypes observed in Figs. 5c and 318 

5d, BAF A1 treatment significantly increased the percentage of LP-DiO+ cells, while 319 

reducing the percentage of DiO+ cells (Fig. 5e). Additional experiments to evaluate 320 

clodronate liposome function in the BAF A1-treated background demonstrated that BAF 321 

A1 significantly inhibits clodronate liposome-mediated phagocyte depletion (Fig. 5f). The 322 

observed phenotypes are strikingly similar to the Tsp3A-silenced background, as well as 323 

the partial phenotypes associated with PGAP6, Traf6, and TMEM147 RNAi which support 324 

the hypothesis that these candidate genes have essential functions in phagolysosome 325 

formation (Fig. 5g).    326 

Together, these data support a model in which the phagocytic uptake of liposomes 327 

involves Traf6 and can be inhibited by CytoD treatment (Fig. 6). Additionally, the 328 

knockdown of several genes, such as Tsp3a, PGAP6, and TMEM147, mimics the effect 329 

of the BAF A1 inhibitor, indicating their role in further liposome processing and 330 

phagolysosome formation.(Fig. 6). Although silencing of GstD3 influenced clodronate 331 

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

The copyright holder for this preprintthis version posted September 24, 2024. ; https://doi.org/10.1101/2024.09.24.614595doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.24.614595
http://creativecommons.org/licenses/by-nc-nd/4.0/


liposome function (Fig. 3), experiments examining liposome uptake and processing did 332 

not yield phenotypes for GstD3, suggesting that GstD3 contributes to the downstream 333 

events that promote cell ablation (Fig. 6).  334 

Discussion 335 

Forward-genetic CRISPR knockout screens enable an unbiased interrogation of gene 336 

function across a wide range of biological topics62. Although evidence has demonstrated 337 

the utility of this forward-genetics approach from mammals63,64 to Drosophila19,22, the 338 

methodology had yet to be fully extended to other insect systems. We previously 339 

developed the technology to enable pooled CRISPR knockout screening in mosquito 340 

species and demonstrated its application through initial proof-of-principle studies24. Here, 341 

we performed the first genome-wide pooled CRISPR screens in Anopheles to identify 342 

genes with essential roles in host fitness and provide new insights into the mechanisms 343 

of clodronate liposome function in mosquitoes.    344 

Our genome-wide CRISPR knockout fitness screen identified a total of 1280 genes using 345 

a 5% FDR cutoff that are required for Anopheles Sua-5b cell growth, division, and/or 346 

viability. Most of these genes (88%) are also essential in Drosophila S2R+ cells21, and 347 

are highly enriched for genes encoding proteins involved in fundamental cell functions, 348 

such as protein synthesis, RNA splicing, and protein degradation (Fig. 1d). In addition, 349 

the list of Drosophila orthologs of the Anopheles essential genes includes 20% of genes 350 

annotated in the GLAD resource as “mitochondrial,” 18% of genes annotated as 351 

“metabolic,” 16% of genes annotated as “RNA-binding,” and 12% of genes annotated as 352 

“transcription factors” (Supplementary Table 2). Furthermore, we found significant 353 

overlap between the mosquito essential gene list and a list of ‘core essential genes’ 354 

identified in 17 CRISPR knockout screens in human cells46. Altogether, these findings 355 

support the quality of the gene dataset for mosquitoes and help to define a core set of 356 

essential genes shared across metazoa.  357 

Notably, the essential Anopheles genes identified in this screen might help lead to the 358 

development of new approaches for mosquito control, such as targets for population 359 

suppression strategies that aim to reduce or eliminate mosquito populations65. For 360 
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example, an essential Anopheles gene could be genetically targeted to create a synthetic 361 

gene-drive system capable of promoting lethality. In addition, the targeting of an essential 362 

mosquito gene has the potential to enhance population replacement strategies relying on 363 

CRISPR-Cas917, homing endonuclease66, Medea-like67,68, or cleave and rescue69,70  as 364 

a means for selection against non-replacement alleles in split-drive systems.  365 

Clodronate liposomes have been widely used in studies of vertebrate immunology34,35, 366 

and more recently in arthropod systems32,36,37, to promote the targeted ablation of 367 

phagocytic immune cell populations. While evidence suggests that clodronate-derived 368 

metabolites act as ATP analogs to block mitochondrial ATP synthase activity and 369 

consequently trigger apoptosis47, the precise mechanisms of clodronate liposome uptake 370 

and processing have not been adequately explored. Herein, the results of our genome-371 

wide CRISPR screen provide a comprehensive examination of clodronate liposome 372 

function in An. gambiae. Using two screening methodologies, we identify a core set of 88 373 

genes that are identified in one or both of our screens. This includes the enrichment of 374 

genes involved in cellular metabolism, methyltransferase function, and autophagy that 375 

bring new mechanistic insight into clodronate liposome function. 376 

While the lack of RNAi and other limitations prevented downstream experiments for all 377 

hits identified in the clodronate liposome screen, a further examination of several 378 

identified genes infer additional subcellular components and pathways involved in 379 

clodronate liposome function. For example, multiple hits are components of or involved 380 

in the regulation of the serine/threonine-protein phosphatase 2A (PP2A) protein complex 381 

involved in a variety of biological processes such as cell growth, differentiation, apoptosis, 382 

and immune regulation71 PPME1, a methyl-esterase enzyme that acts directly on the 383 

catalytic subunit by demethylation of the PP2A protein complex to cause its inactivation72. 384 

Two other hits contribute to the regulation of the same protein complex: LCMT1 385 

(AGAP008768), a methyl-transferase enzyme responsible for the methylation of PP2A at 386 

the same site targeted by PPME173, and MASTL (AGAP001636) that acts by indirectly 387 

promoting the inactivation of PP2A74. With the PP2A protein phosphatase complex a 388 

master regulator of several cellular functions, it could be important for clodronate induced 389 

toxicity by mediating cytoskeleton rearrangements important for the uptake, trafficking, or 390 
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degradation of liposomes, to the downstream steps controlling its toxicity by activating the 391 

Toll Like Receptor 3 (TLR3) cascade and apoptosis. Of note, both Pp2A-29B and MASTL 392 

are essential genes in human cells (DepMap) and in Anopheles cells, yet are among the 393 

most enriched targets in both clodronate screens. This suggests that, although the 394 

knockout of these genes impacts cell fitness under "normal" conditions, their knockout 395 

provides a growth advantage under clodronate selection, as the cells become less 396 

sensitive to the drug compared to normal cells. In addition, multiple hits that correspond 397 

to a serine/threonine-protein kinase signaling pathway involving RIOK3, ribosome 398 

biogenesis and regulation of type I interferon (IFN)-dependent immune response are 399 

represented in our clodronate liposome screen. In addition to RIOK3, two other hits 400 

possibly belong in the same pathway, Oseg4 (AGAP011562), a TNF-stimulated gene 401 

able to induce caspase 3-mediated apoptosis75 and RPS17, a component of the 40S 402 

ribosomal subunit that directly interacts with RIOK3 during ribosome biogenesis76. 403 

However, further experiments are required to establish exactly how these respective 404 

PP2A and RIOK3 signaling components are involved in clodronate liposome function. 405 

Through the use of pharmacological inhibitors that target endocytic pathways, we 406 

demonstrate that the cellular uptake of clodronate liposomes is mediated by 407 

phagocytosis, and not clathrin-mediated endocytosis, providing further support for the 408 

specificity of clodronate liposomes to explicitly target phagocytic immune cells in both 409 

arthropods36 and mammals77. In addition, one candidate identified in our clodronate 410 

liposome CRISPR screen, Traf6, displayed notable defects in phagocytosis following 411 

Traf6-silencing, supporting that Traf6 likely influences the uptake of clodronate liposomes. 412 

However, as a RING-type ubiquitin ligase that interacts with several immune signaling 413 

molecules78,79, these effects are likely indirect. As a result, the phenotypes associated 414 

with Traf6-silencing may be caused by the impaired production of downstream immune 415 

effectors or defects in immune cell activation80.  416 

Additional microscopy, RNAi, and inhibitor experiments confirm that the formation of the 417 

phagolysosome is a critical step in the processing of clodronate liposomes. Lysosomes 418 

contain various hydrolytic enzymes that promote the breakdown of macromolecules for 419 

degradation and cellular recycling81, thereby serving an essential role in the breakdown 420 
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of the liposome particle and the intracellular delivery of clodronate required to initiate cell 421 

death. Taking advantage of the fluorescence of LP-DiO particles, we demonstrate the co-422 

localization of liposome particles with the lysosome, as well as the punctate and diffuse 423 

patterns of DiO that enable the visualization of liposome processing. We demonstrate 424 

that three candidate genes identified in our CRISPR screen, Tsp3A, PGAP6, and 425 

TMEM147, have key roles in phagolysosome formation and validate these phenotypes in 426 

liposome degradation through the use of the BAF A1 inhibitor to impair lysosome fusion. 427 

While these data implicate Tsp3A, PGAP6, and TMEM147 in the intracellular processing 428 

of clodronate liposomes, their exact functions could not be fully resolved in our study. 429 

Each of these genes are believed to localize to cell membranes and have been implicated 430 

in immune cell function in orthologous systems82–84. While additional details of Tsp3a and 431 

TMEM147 function are limited, the human ortholog of PGAP6 is a GPI-anchored 432 

phospholipase with predicted localization to the lysosome83,85, suggesting that PGAP6 433 

could be essential to the breakdown of liposome particles and the subsequent release of 434 

clodronate following phagolysosome formation. Similarly, other genes identified in our 435 

screen such as CLVS1 (AGAP005388) that are required for proper formation of late 436 

endosomes and lysosomes86, and AGAP011017 which is of unknown function and 437 

harbors a putative lipid binding domain (InterPro) similar to the Ganglioside GM2 activator 438 

(GM2-AP) that acts as a lysosomal lipid transfer protein, further implicate lysosome fusion 439 

as an important step in clodronate liposome function. However, one limitation of these 440 

experiments was our inability to further define the role of GstD3 in clodronate liposome 441 

function, suggesting that GstD3 acts downstream of liposome intracellular processing. As 442 

a member of a large family of glutathione S-transferases involved in cellular detoxification 443 

and insecticide resistance, GstD3 may have roles in clodronate metabolism that ultimately 444 

contribute to its ability to promote apoptosis and cell ablation.  445 

A key step of clodronate toxicity is its incorporation into AMP molecules to form a non-446 

hydrolysable analog of ATP, the adenosine 5’β-γ-dichloromethylene triphosphate 447 

(AppCCl2p), that has been shown to inhibit the mitochondrial translocase and putatively 448 

induce apoptosis through mitochondrial depolarization. As a result, it has been proposed 449 

that aminoacyl-tRNA synthetases could be responsible for the incorporation of clodronate 450 
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(a bisphosphonate analog of pyrophosphate, PPi) into AMP molecules by a reverse 451 

reaction47. However, the reaction in which PPi would be incorporated into ADP to 452 

regenerate ATP is theoretically possible, but not favored due to thermodynamic and 453 

kinetic constraints. In fact, the energy released from ATP hydrolysis and the rapid 454 

degradation of PPi by pyrophosphatases ensure that the reverse process does not occur 455 

naturally87. As a result, aminoacyl-tRNA synthetases (aaRS) typically catalyze the 456 

forward reaction of ATP hydrolysis to charge tRNA with an amino acid, producing AMP 457 

and pyrophosphate (PPi)88. However, the presence of a non-hydrolysable form of PPi, 458 

such as clodronate, could hamper the stoichiometry of the reaction and one or multiple 459 

enzymes that have PPi and AMP as byproducts, could potentially perform a reverse 460 

reaction that incorporates clodronate into AMP molecules. While we did not find 461 

aminoacyl-tRNA synthetases in our screen among the enriched hits, if this class of 462 

enzymes are involved, a phenotype might not be observable as a result of the essential 463 

nature of the aminoacyl-tRNA synthetase involved or because multiple aminoacyl-tRNA 464 

synthetases could be catalyzing this reaction creating redundancy and masking the 465 

phenotype from genetic enrichment. However, we did observe two nucleotide cyclases 466 

among the enriched hits, ADCY5 (AGAP012805) and Gyc89Db (AGAP004564), 467 

implicated respectively in the conversion of ATP/GTP to cAMP/cGMP and releasing PPi 468 

in the process, yet are not known to catalyze the reverse reaction. Even though these 469 

enzymes are not believed to contribute directly to the conversion of clodronate to toxic 470 

AppCCl2p, the knockout of these enzymes may be partially protective because of the 471 

decreased levels of cAMP/cGTP and the decreased activation of downstream pathways 472 

driving cell toxicity. Both cyclic nucleotides are crucial second messengers regulating 473 

diverse cellular functions like cellular immunity, autophagy and apoptosis89. 474 

While these results enhance our mechanistic understanding of mosquito essential genes 475 

and clodronate liposome function, the candidate genes identified in our CRISPR screens 476 

will undoubtedly inform a variety of other biological processes that influence mosquito 477 

physiology and immune cell function. Based on comparative data in Drosophila and 478 

human cell lines, we establish a core set of essential genes that can inform further studies 479 

on other important mosquito vectors, such as those of the Aedes and Culex genus. 480 
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Moreover, the uptake and processing of clodronate liposomes is likely part of a common 481 

biological process, such that the genes identified in our screen should provide additional 482 

insight into the general mechanisms of phagocytosis and intracellular processing that may 483 

inform aspects of host defense, autophagy, apoptosis, and immune cell maturation. 484 

Altogether, the results from these initial genome-wide CRISPR screens provide a 485 

foundation for additional studies in mosquito cells and in vivo, contributing to our further 486 

understanding of mosquito biology and mosquito-borne diseases.  487 
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Methods 488 

Cell culturing 489 

The Anopheles coluzzii “screen-ready” (attP+ Cas9+) cell line Sua-5B-IE8-Act::Cas9-2A-490 

Neo1 (CVCL_B3N3, Drosophila Genomics Resource Center, stock # 334) as previously 491 

described24. The cell line was cultured at 25℃ in Schneider’s medium (Gibco), 1x 492 

Penicillin-Streptomycin (Gibco) and 10% heat inactivated fetal bovine serum (Gibco) and 493 

500 μg/ml of geneticin (G-418 sulfate, GoldBio). 494 

Genome-wide library design, and cloning 495 

sgRNAs targeting the whole genome of Anopheles gambiae (AgamP4.12) were selected 496 

using CRISPR GuideXpress (https://www.flyrnai.org/tools/fly2mosquito/web/) and 497 

following the previously described pipeline24. Briefly, all computed sgRNAs were 498 

retrieved, and the top seven sgRNAs per gene were selected based on the following 499 

criteria: minimal OTE (off-target effect) score; maximum ML (machine learning efficiency) 500 

score; and filtered to remove sgRNAs that match regions with SNPs in the Anopheles 501 

coluzzii Sua-5B cell line genome sequence. In addition,sgRNA designs with the BbsI site 502 

sequence were removed because BbsI is used for ligation-based cloning into the library 503 

vector. The library includes 89,724 unique gene-targeting sgRNAs as well as control and 504 

other sgRNAs, as detailed in Supplementary Table 1. The sgRNA sequences were 505 

cloned into BbsI-digested pLib6.4B-Agam_695 (Accession # OL312683; Addgene # 506 

176668) using the CloneEZ service (Genscript). Cloned vector was subsequently 507 

reamplified with a theoretical coverage of <100 times in E. cloni 10GF' ELITE 508 

Electrocompetent Cells (Lucigen) and grown in 500 mL of LB-Ampicillin media at 30°C 509 

overnight and bacterial pellets were frozen at -80°C. Before transfection, plasmid DNA 510 

was prepared from 50 mL pellets by midiprep (Zymo). Sequencing of the cloned plasmid 511 

library confirmed the successful cloning of >98,3% (88159/89711) of designed sgRNAs, 512 

detectable with at least one read/sgRNA (circa 94% of guides are detected with at least 513 

10 reads/guide and about 1.7% were lost stochastically). 514 

Gene essentiality screen   515 
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Sua-5B-IE8-Act::Cas9-2A-Neo cells in the log phase of growth were seeded at 35 x 106 516 

cells per 100 mm dish in growth media containing antibiotics. They were transfected with 517 

a plasmid mixture containing equimolar amounts of HSP70-ΦC31-Integrase plasmid 518 

(pBS130) and sgRNA donor plasmid library (pLib6.4B-Agam_695) using Effectene 519 

(Qiagen) according to the manufacturer’s base protocol (“1:25”). We achieved a coverage 520 

of ~ 244 cells/sgRNA by transfecting 735 x 106 cells [90208 sgRNAs x 244 cells/sgRNA 521 

x 0.03 (RMCE efficiency) = 735 x 106] in 21 100-mm dishes. After 4 days, each dish was 522 

expanded into 2 x 150 cm dishes containing 5 mg/mL puromycin. Cells were cultured for 523 

an additional 26 days with media changes and re-seeding every 4 days. Re-seeding at 524 

each passage was maintained at a density above 1000 cells/sgRNA to ensure 525 

representation of KO pool diversity. Cells were cultured up to 60 days (8 weeks) after 526 

transfection. Following selection, genomic DNA was extracted from cell pellets containing 527 

>1000 cells/sgRNA using the Quick-gDNA MaxiPrep kit (Zymo). Next, the genomic DNA 528 

was barcoded and Illumina sequencing adapters were added via 2-step PCR 529 

amplification. Amplicon sequencing was performed using a NextSeq500 at the 530 

Biopolymers Facility at Harvard Medical School. Demultiplexing and trimming of barcode 531 

labeling was performed using in-house scripts. sgRNAs with a low-read count (<10 reads 532 

in the plasmid library) were removed from the readcount files. For identification of base 533 

fitness genes the plasmid library vector readcounts from cells after 60 days post-534 

transfection were analyzed with MAGeCK MLE (version 0.5.6) to infer MLE Z-scores for 535 

each gene. 536 

To assess the significance of Z-score assignments in inferring true gene essentiality, Z -537 

score average from each replicate was calculated for each gene and plotted against 538 

RNAseq expression values obtained from the Sua-5B cell line previously calculated90. 539 

False-discovery rate (FDR) was inferred from relationships between Z-score and gene 540 

expression, as true fitness genes should be among the expressed genes, whereas the 541 

identification of a fitness gene that is not expressed represents a false-discovery event. 542 

Genes were binned every 5 genes, and the cumulative increase in false-discovery was 543 

plotted as a function of Z-score to obtain the FDR. FDR ranking of essential genes 544 

revealed 1280 essential genes with 95% confidence. Distribution by Gene Ontology terms 545 
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of major eukaryotic essential complex components for Anopheles within whole genome 546 

Z-score distribution was displayed in Figure 1d. 547 

Ortholog mapping and comparison with essential genes in Drosophila 548 

Mapping of Anopheles genes to Drosophila and to human ortholog was done using 549 

DIOPT (v 9.0). Ortholog mapping was filtered based on DIOPT rank (only high or 550 

moderate rank excluding low rank mapping) and the orthologs of the essential genes in 551 

Anopheles were compared with the corresponding data from Drosophila or human 552 

respectively. Comparisons with a comparable data set from a Drosophila CRISPR cell 553 

screen were based on MLE Z values from a previous CRISPR screen in S2R+ cells (at 554 

the same 5% FDR)21. Comparisons with human data were performed using the ‘core 555 

essential’ genes identified from human cell lines46. The essential genes in Anopheles 556 

(Supplementary Table 2) are compared with Drosophila and human essential gene lists 557 

in Supplementary Table 3.  558 

Gene set enrichment analysis  559 

To perform gene set enrichment analysis (GSEA), Drosophila orthologs mapped as 560 

described above from mosquito genes that scored as essential (1280 genes) or ranked 561 

within the first fifty hits in the two clodronate liposome screens (88 genes from Clodronate 562 

A & B) were used as input for analysis with PANGEA39. For essential gene orthologs, 563 

gene set enrichment analysis was based on generic gene ontology (GO) slim biological 564 

process (BP) terms40; Gene List Annotation for Drosophila (GLAD) gene groups41, or 565 

FlyBase phenotype annotations for classical mutations42, and the full sets of outputted 566 

enrichment data from PANGEA are included in Supplementary Table 2. For clodronate 567 

liposome screen hit analysis, the same three gene sets were used, and these were 568 

supplemented by additional analysis using the Drosophila GO BP and FlyBase Gene 569 

Group gene sets (Supplementary Table 2). The specific selections made at the 570 

PANGEA user interface are indicated on the first row of the PANGEA analysis sheets 571 

within Supplementary Table 2 and Supplementary Table 5. 572 

Positive selection CRISPR screening with clodronate liposomes 573 
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For the positive selection screen, 30 days post library transfection cells were selected in 574 

media containing puromycin and 16 μM liposome as a control or 8 μM clodrosome. The 575 

concentrations used in the screen were established for Sua-5B-IE8-Act::Cas9-2A-Neo 576 

cells to be close to the IC50 for the clodrosome (IC50Clodrosome=7.4 μm) and negligible for 577 

the liposome vehicle (IC50Liposome=81.6 μm), as established by assaying total ATP levels 578 

(indirect readout of cell grown) during a 6-day treatment using the Cell Titer Glo assay 579 

(Promega), as depicted in Fig. 2A. Cells were selected through three cycles of treatment. 580 

Each cycle of treatment consisted of seeding the cells in media with liposome vehicle or 581 

clodronate liposome, followed by media change and re-seeding two additional times. 582 

Except in the case of the treatment “Clodronate B,” in which the cells were exposed to 583 

selective media a single time for the first 4 days and then allowed to recover with normal 584 

media before the next cycle, all the other treatments were performed by continuous 585 

exposure to the selective media. The cells were re-seeded at a density above 1000 586 

cells/sgRNA at each passage to ensure representation of KO pool diversity. Following 587 

selection, genomic DNA extraction, barcoding, sequencing and analysis was performed 588 

as detailed above. Readcount and data analysis, including enrichment analysis and 589 

Robust Rank Aggregation score calculation, were performed using MaGeCK 0.5.7 and 590 

scatter plots were visualized with Prism (v 10.1.0). 591 

Mosquito rearing 592 

Anopheles gambiae mosquitoes (Keele strain)91 were reared at 27°C and 80% relative 593 

humidity, with a 14:10 hr light: dark photoperiod. Larvae were fed on commercialized fish 594 

flakes (Tetra), while adults were maintained on a 10% sucrose solution and fed on 595 

commercial sheep blood (Hemostat) for egg production. 596 

RNA isolation and gene expression analyses 597 

RNA isolation from whole adult mosquitoes was performed using TRIzol (Invitrogen, 598 

Carlsland, CA) according to the manufacturer’s protocol. Two micrograms of total RNA 599 

were used for first-strand synthesis using the LunaScript RT SuperMix Kit (NEB). Gene 600 

expression was analyzed with quantitative real-time PCR (qPCR) using PowerUp 601 

SYBRGreen Master Mix (Thermo Fisher Scientific), while results were analyzed using the 602 
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2-ΔCt method and normalized against the internal reference, rpS7, as previously 603 

described30,32,92. All qPCR primers are listed in Supplementary Table 6. 604 

Timing experiments examining the uptake of fluorescent liposome particles 605 

To determine the approximate timing of liposome uptake in vivo, mosquitoes were 606 

injected with 69 nl of Fluoroliposome-DiO (LP-DiO, Encapsula Nano Sciences) using a 607 

1:50 dilution in 1X PBS. After injection, mosquitoes were incubated at 27°C for 1, 2, 6, 8, 608 

or 12 hours, then were injected with a suspension containing 200 μM of Vibrant CM-DiI 609 

(Thermo Fisher Scientific) and 2 mM of Hoechst 33342 (Thermo Fisher Scientific) to label 610 

mosquito hemocytes. After an additional incubation of 30 min at 27°C to enable in vivo 611 

staining, hemolymph was perfused from each mosquito using an anticoagulant buffer of 612 

60% v/v Schneider’s Insect medium, 10% v/v fetal bovine serum (FBS), and 30% v/v 613 

citrate buffer (98 mM NaOH, 186 mM NaCl, 1.7 mM EDTA, and 41 mM citric acid; buffer 614 

pH 4.5) as previously described30–33,51. Hemolymph perfusions were placed directly on 615 

multi-well microscopic slides for downstream analysis by microscopy. Cells were allowed 616 

to adhere for 20 min and fixed with 4% paraformaldehyde (PFA) for 10 min, followed by 617 

five washing steps with 1X PBS. Samples were observed under a Zeiss fluorescent 618 

microscope to calculate the percentage of hemocytes (of total) taking up the fluorescent 619 

LP-DiO particles. 620 

Phagocyte depletion with clodronate liposomes 621 

Naïve mosquitoes were injected with either clodronate (CLD) or control (LP) liposomes 622 

(Encapsula Nano Sciences) to deplete phagocytic immune cell populations in Anopheles 623 

gambiae as previously described32,33,51. Based on the demonstrated IC50 of clodronate 624 

liposomes in vitro as part of this study, liposomes were diluted to a similar concentration 625 

using a 1:50 dilution in 1X PBS for all in vivo studies herein. Previous studies were 626 

performed using a more concentrated 1:5 dilution32,33,51. Final concentrations of 627 

clodronate liposomes were calculated based on a hemolymph volume of ~2 μl93. To 628 

determine the approximate time needed for phagocyte depletion, mosquitoes were 629 

injected with either 69nl of CLD or LP, and then incubated at 27°C for 6, 8, 12, or 24 630 

hours. Whole mosquito samples were then processed for RNA isolation and cDNA 631 
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synthesis as described above. The expression levels of Eater and Nimrod B2 were used 632 

as a proxy to demonstrate phagocyte (granulocyte) depletion32,33,51. 633 

dsRNA synthesis and gene-silencing 634 

Candidate genes identified in the genome-wide CRISPR screen were validated using 635 

RNAi-mediated gene silencing to confirm their functional roles in the mode of clodronate 636 

action. T7 primers specific to each gene (Supplementary Table 6) were used to amplify 637 

DNA templates from whole female mosquito cDNA samples to synthesize long dsRNAs 638 

using the MEGAscript RNAi kit (Thermo Fisher Scientific). Following synthesis, the 639 

concentration of dsRNAs was adjusted to 3 μg/μl. Adult female mosquitoes (3-5 days old) 640 

were cold anesthetized and injected with 69 nl of dsRNA targeting each candidate gene. 641 

For each experiment, mosquitoes were also injected with dsRNA targeting GFP as a 642 

negative control. All injections were performed using Nanoject III (Drummond Scientific). 643 

Gene-silencing efficiency was evaluated by qPCR 2 days post-injection. All experiments 644 

were performed in triplicate.  645 

Hemolymph perfusion and hemocyte counting 646 

Hemolymph was perfused in adult female An. gambiae through the intrathoracic injection 647 

of an anticoagulant solution and collection of the perfusate through a small incision in the 648 

abdomen as previously described30,31. To determine total hemocyte numbers, the 649 

collected perfusion from an individual mosquito was added to a disposable Neubauer 650 

Improved hemocytometer slide (iNCYTO C-Chip DHC-N01) as previously29,30,94.  651 

Malaria parasite infection 652 

Infections with the rodent malaria model, Plasmodium berghei, were performed by first 653 

infecting Swiss Webster mice (Charles River) with P. berghei-mCherry95 parasites as 654 

previously described30,92.  Mosquito infections were performed by allowing mosquitoes to 655 

feed on anesthetized P. berghei-infected mouse. Following feeding, fully engorged 656 

mosquitoes were selected by cold-sorting, then were placed at 19oC. Oocyst numbers 657 

were evaluated by fluorescence microscopy in dissected midguts at 10 days post-658 

infection.  659 
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Use of inhibitors to examine liposome uptake 660 

To examine the mechanisms of liposome uptake by mosquito hemocytes, mosquitoes 661 

were treated with 200 μM Cytochalasin D (CytoD, Sigma) to inhibit phagocytosis55–58 or 662 

25 μg/ml Chlorpromazine hydrochloride (CPZ, MP Biomedical) to impair clathrin-663 

mediated endocytosis52–54. Mosquitoes injected with 10% DMSO in 1X PBS were used 664 

as negative controls. At 6h post-injection, mosquitoes were injected with a 1:50 dilution 665 

of Fluoroliposome-DiO (LP-DiO) in 1X PBS, and then incubated for 8h at 27oC. Following 666 

injection with 2 mM Hoechst 33342 to counterstain nuclei, hemolymph was perfused from 667 

individual mosquito samples and then observed using a fluorescent microscope to 668 

determine the proportions of hemocytes containing fluorescent liposome particles. 669 

Additional experiments were performed to confirm the effects of CytoD on clodronate 670 

liposome uptake. Mosquitoes were first injected with 200 μM CytoD or 10% DMSO in 1X 671 

PBS and allowed to recover for 6h at 27oC, then followed by injection with control or 672 

clodronate liposomes (diluted at 1:50) and incubated at 27oC for 8 hours. The influence 673 

of CytoD on clodronate liposome function and resulting phagocyte depletion was 674 

evaluated by proxy through the analysis of Nimrod B2 expression via qPCR32,33,51. 675 

Phagocytosis assays 676 

The effects of candidate genes or inhibitors on phagocytosis were evaluated by injecting 677 

adult female mosquitoes with 69 nl of 2% of green fluorescent FluoSpheres (1 μm; 678 

Thermo Fisher Scientific) similar to previous studies30,32,96. In addition to the beads, 679 

mosquitoes were concurrently injected with 100 μM Vibrant CM-DiI and 2 mM of Hoechst 680 

33342 in 1X PBS to counterstain hemocytes, then allowed to recover for 30 min at 27oC. 681 

The effects of gene-silencing on phagocytosis were examined approximately 48h after 682 

injection with dsRNAs, while the effects of the inhibitor Cytochalasin D were analyzed at 683 

6h post-injection to serve as a positive control to impair phagocytosis57. For each 684 

experiment, hemolymph was perfused from individual mosquitoes using an anticoagulant 685 

buffer and placed on multi-well microscope slides. Hemocytes were allowed to adhere for 686 

20 min and fixed with 4% PFA. Following five washing steps, samples were mounted with 687 

Aqua Poly/Mount (Polysciences) and observed under a fluorescent microscope to 688 
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determine the percentage of phagocytic cells. Approximately 50 hemocytes were counted 689 

per individual mosquito, with data collected from two or more replicates (n=16+ mosquito 690 

samples).  691 

Use of gene-silencing to examine liposome uptake and processing 692 

To determine the roles of candidate genes on liposome uptake and processing, candidate 693 

genes were first silenced by the injection of dsRNA in naive adult female mosquitoes. 694 

Two days post-injection, gene-silenced mosquitoes were injected with a 1:50 dilution of 695 

Fluoroliposome-DiO in 1X PBS. Following incubation for 8 hours, phenotypes were 696 

evaluated in individual mosquitoes as the percentage of hemocytes containing liposome 697 

particles (LP-DiO+) to evaluate liposome uptake, or as diffused patterns of DiO (DiO+) in 698 

the cytosol that support liposome processing and degradation.  699 

Immunofluorescence of cellular localization 700 

To visualize the co-localization of liposome particles with the lysosome, mosquitoes were 701 

perfused with an anticoagulant buffer at 8h post-injection with a 1:50 dilution of LP-DiO. 702 

Hemocytes were allowed to adhere for 30 min without fixation, and then incubated with 703 

the lysosome-specific dye, LysoView 594 (Biotium), using a 1:500 dilution in 1X PBS for 704 

1 hour. Samples were mounted with ProLongDiamond AntiFade Mountant with DAPI (Life 705 

Technologies) and immediately observed using fluorescence microscopy (Zeiss Axio 706 

Imager.M2).  707 

Use of inhibitors to impair lysosome acidification  708 

To investigate the involvement of lysosome function in regulating the processing of 709 

clodronate-liposomes, mosquitoes were treated with 25 μM of Bafilomycin A1 (BafA1; 710 

Cayman), a proton pump V-ATPase inhibitor, or 10% DMSO in 1X PBS. Mosquitoes were 711 

incubated for 16h at 27oC as previously described97, then injected with Fluoroliposome-712 

DiO using a 1:50 dilution in 1X PBS. The number of hemocytes displaying intact liposome 713 

particles (LP-DiO+) or diffused patterns of DiO (DiO+) in the cytosol was determined by 714 

immunofluorescence. To examine the effects of BafA1 on clodronate function, 715 

mosquitoes were injected with clodronate or control liposomes at 1:50 dilution in 1X PBS 716 
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following treatment with Baf A1. At 8h post-injection, phagocyte depletion was evaluated 717 

by proxy through Nimrod B2 expression via qPCR32,33,51. 718 
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Figures 973 

974 
Fig. 1. Genome-wide CRISPR knockout screen reveals genes required for fitness 975 

in Anopheles Sua-5B cells. (a) Schematic for gene essentiality CRISPR screen. 976 

CRISPR GuideXpress was used to design a whole-genome sgRNA library targeting 977 

protein-coding and non-coding Anopheles gambiae genes. The library was cloned into 978 

the pLib6.4B_695 vector and delivered to Sua-5B-IE8-Act::Cas9-2A-Neo via ΦC31 979 

recombination-mediated cassette exchange to yield a pool of knockout cells. During 980 

outgrowth, cells that received sgRNAs targeting essential genes will “drop out” of the KO 981 

pool. The relative abundance of each sgRNA in the KO outgrowth pool of cells was 982 

compared to the plasmid library by NGS followed by MAGeCK MLE analysis. (b) 983 

Genome-wide library coverage. The starting library design includes 90,208 sgRNAs 984 

(88,763 unique sgRNAs) targeting 93% of Anopheles genes, with 7 sgRNAs per gene 985 

coverage for ~96% of these genes. (c) Data analysis. MAGeCK MLE was used to analyze 986 

gene essentiality. Using the relationship between gene expression and Z-score rank, we 987 

can identify ∼1300 essential genes with 95% confidence (FDR=0.05). Their distribution 988 
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by category is shown in (d): colored data points within the Z-score whole genome 989 

distribution (grey dots) highlight genes belonging to each essential category by Gene 990 

Ontology term (Cytoplasmic Ribosome KEGG:aga030008; Mitochondrial Ribosome 991 

GO:0098798,0005763; Spliceosome KEGG:aga03040; Proteasome KEGG:aga03050); 992 

red line intercept of x axis represents Z-score essentiality threshold at FDR=0.05. (e) 993 

Comparison of essential genes identified in Anopheles and Drosophila. To compare gene 994 

lists between the two species, all Anopheles genes were mapped to corresponding 995 

Drosophila orthologs, then their respective essentiality scores from cell pooled CRISPR 996 

knockout screens were plotted. Colored inbox within the plot highlights Anopheles 997 

essential genes with Z-scores within FDR=0.05; fitted linear trendline and R2 squared 998 

value are displayed to highlight the correlation trend between datasets; yps single 999 

datapoint was darkened to enhance its visibility.    1000 
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1001 
Fig. 2. Genome-wide CRISPR knockout screen reveals genes for which knockout 1002 

confers resistance to clodronate liposome uptake and/or induced cell death in 1003 

Anopheles cells. (a) Clodronate liposomes induce cell death after cellular uptake by 1004 

releasing clodronate, which is enzymatically converted to adenosine 5’β-γ-1005 

dichloromethylene triphosphate (AppCCl2p), an ATP analog that can induce apoptosis. 1006 

Assay of total ATP levels reveals higher lethality in the Anopheles Sua-5B-IE8-Act::Cas9-1007 

2A-Neo cells treated with clodronate as compared to a liposome control (11-fold 1008 

difference in relative IC50 values). (b) Schematic of a genome-wide positive selection 1009 

CRISPR knockout screen for clodronate resistance. A genome-wide CRISPR KO pool of 1010 

Sua-5B-IE8-Act::Cas9-2A-Neo cells was left untreated or treated with 16 μM liposome 1011 

(control) or 8μM clodronate. All treatments were performed for three cycles and with 1012 

continuous drug selection of the KO pool, except for the “clodronate B” treatment group, 1013 

for which cells were subjected to an initial treatment for 4 days and then allowed to recover 1014 

in non-selective media at each treatment cycle. Genomic DNA from endpoint cell 1015 

populations was used for PCR amplification of sgRNAs, followed by NGS and enrichment 1016 
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analysis using the MAGeCK robust rank aggregation (RRA) algorithm. (c) Scatter plots 1017 

of RRA scores for two replicates, comparing clodronate treatments A and B to control 1018 

liposome treatments (left and center panels) or comparing average RRA scores between 1019 

the two treatments (right panel). Left and center panels: The ‘hits’ (positive results) 1020 

chosen for follow-up studies are labeled with gene symbols. Hits shown in black represent 1021 

the top eight genes by RRA rank. Hits in magenta are genes of interest selected from 1022 

among the top 50 hits from each screen. Right panel: only genes of interest and top hit 1023 

gene of the clodronate A screen (in black) are indicated. Gene symbols shown are the 1024 

symbols for orthologous human genes (symbols in all caps) or orthologous Drosophila 1025 

genes.   1026 
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 1027 

Fig. 3. RNAi and in vivo validation of candidate genes involved in clodronate 1028 

liposome function. (a) Genes identified from both clodronate liposome screens were 1029 

selected based on their enrichment in both screens, expression in mosquito hemocyte 1030 

populations51, and presumed biological function to select for candidate genes for further 1031 

validation in vivo.  Following the injection of gene-specific dsRNAs, the efficiency of RNAi 1032 

was evaluated in whole mosquitoes via qRT-PCR two days post-injection (b). Expression 1033 

data from three independent experiments are displayed as the mean ±SEM and 1034 

compared to GFP controls. Statistical differences were examined using an unpaired t-test 1035 

for each individual gene compared to controls. (c) To determine the influence of candidate 1036 

genes on clodronate liposome function, candidate genes were first silenced via the 1037 

injection of dsRNAs, then control or clodronate liposomes were injected two days post-1038 

dsRNA injection. The effects of gene-silencing on clodronate liposome function were 1039 

assessed by the expression of eater and Nimrod B2 as a proxy to measure immune cell 1040 

depletion (d). The heatmap summarizes the effects of gene-silencing on the efficacy of 1041 

clodronate liposome-mediated cell ablation at 8 and 24 hours, where non-significant 1042 

changes in eater and Nimrod B2 expression support that the gene-silenced background 1043 

impairs clodronate liposome function. Data represent three or more independent 1044 

experiments. For each RNAi background, expression data were compared between 1045 
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control liposomes and clodronate liposomes. Differences in gene expression were 1046 

examined using an unpaired t-test. For all experiments, significant differences are 1047 

indicated by asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001).  1048 
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 1049 

Fig. 4. Clodronate liposome uptake is mediated by phagocytosis. (a) Overview of 1050 

endocytic pathways, clathrin-mediated endocytosis and phagocytosis, with their 1051 

respective inhibitors. To address the manner by which lipsomes undergo uptake, 1052 

mosquitoes were injected with the respective endocytic inhibitors (a), with the uptake of 1053 

LP-DiO particles by mosquito hemocytes (immune cells) assessed at 8 hours post-1054 

injection as the percentage of LP-DiO+ hemocytes (b). Data were collected from individual 1055 

mosquitoes (dots) and examined using Kruskal-Wallis with a Dunn’s multiple 1056 

comparisons test. (c) The effects of phagocytosis-inhibition (via cytochalasin D, cytoD) 1057 

on clodoronate liposome efficacy were evaluated using Nimrod B2 expression as a proxy 1058 

for immune cell ablation. Data from four independent experiments were analyzed using 1059 

multiple unpaired t-tests to determine significance. After confirmation that cytoD treatment 1060 

reduces the uptake of fluorospheres (d), candidate genes from the CRISPR screen were 1061 

evaluated for potential phenotypes that similarly influence phagocytosis (e). Data from d 1062 

and e display values collected from individual mosquitoes, with analysis respectively 1063 

performed with individual (Mann-Whitney) or multiple comparisons (Kruskal-Wallis 1064 

andDunn’s multiple comparisons test) to determine significance. These data contribute to 1065 
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a model (f) suggesting that liposome uptake is mediated by phagocytosis and implicates 1066 

Traf6 (with AGAP gene ID number in parenthesis) in phagocytic uptake. For all 1067 

experiments, significant differences are indicated by asterisks (*, P < 0.05; ***, P < 0.001; 1068 

****, P < 0.0001). Summary figures created with BioRender.com.  1069 
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 1070 

Fig. 5. Clodronate liposome processing requires candidate genes involved in 1071 

phagolysosome formation. (a) Overview of phagosome maturation and 1072 

phagolysosome formation after fusion with the lysosome. To confirm that phagocytosed 1073 

liposome particles undergo phagolysosome formation, immunofluorescence assays were 1074 

performed following LP-DiO injection and staining with lysosome-specific dye, LysoView 1075 

594 (b). Co-localization of LP-DiO particles (green) and the lysosome (red) support that 1076 

liposomes are processed by the formation of the phagolysosome prior to degradation. 1077 

Observations of LP-DiO+ cells display two distinct phenotypes, where LP-DiO particles 1078 

are punctate and remain intact (referred to as LP-DiO+; c), or where DiO fluorescence is 1079 

diffused (referred to as DiO+) suggesting that liposome particles have been degraded (d). 1080 

These LP-DiO+ (c) and DiO+ (d) phenotypes were evaluated in the gene-silenced 1081 
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backgrounds for each of the candidate genes identified in the CRISPR screen. Data were 1082 

collected from individual mosquitoes (dots) and examined using Kruskal-Wallis with a 1083 

Dunn’s multiple comparisons test. (e) To further refine these observed phenotypes, we 1084 

evaluated LP-DiO+ and DiO+ phenotypes following treatment with Bafilomycin A1 (BAF 1085 

A1), an inhibitor of lysosome fusion with the phagosome. Data are displayed from 1086 

individual mosquitoes (dots). (f) The effects of BAF A1 inhibition on clodronate liposome 1087 

function were evaluated from three independent experiments using Nimrod B2 expression 1088 

as a proxy for immune cell ablation. Data in e and f were analyzed using multiple unpaired 1089 

t tests to determine significance. These data contribute to a model (g) suggesting that 1090 

liposome processing is mediated by formation of the phagolysosome involving Tsp3A, 1091 

PGAP6, and TMEM147, which can be impaired using the inhibitor BAF A1. For all 1092 

experiments, significant differences are indicated by asterisks (*, P < 0.05; **, P < 0.01; 1093 

****, P < 0.0001). Summary figures created with BioRender.com.  1094 
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 1095 

Fig. 6. Summary of candidate genes involved in clodronate liposome function. 1096 

Experiments support a model in which candidate genes identified in the CRISPR screen 1097 

contribute to the uptake, processing, and downstream function of clodronate liposomes 1098 

in promoting immune cell ablation in An. gambiae. Figure created with BioRender.com.  1099 
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