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Abstract

Mosquito immune cells, known as hemocytes, are integral to cellular and humoral
responses that limit pathogen survival and mediate immune priming. However, without
reliable cell markers and genetic tools, studies of mosquito immune cells have been
limited to morphological observations, leaving several aspects of their biology
uncharacterized. Here, we use single-cell RNA sequencing (ScCRNA-seq) to characterize
mosquito immune cells, demonstrating an increased complexity to previously defined
prohemocyte, oenocytoid, and granulocyte subtypes. Through functional assays relying
on phagocytosis, phagocyte depletion, and RNA-FISH experiments, we define markers
to accurately distinguish immune cell subtypes and provide evidence for immune cell
maturation and differentiation. In addition, gene-silencing experiments demonstrate the
importance of lozenge in defining the mosquito oenocytoid cell fate. Together, our scRNA-
seq analysis provides an important foundation for studies of mosquito immune cell biology

and a valuable resource for comparative invertebrate immunology.
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Introduction

Across metazoa, immune cells are vital to promoting wound healing, maintaining
homeostasis, and providing anti-pathogen defenses (Chaplin, 2010). With immune cells
mediating both innate and adaptive immune function in vertebrates, immune cell subtypes
display highly specialized roles that have continually been resolved by technological
advancements that enable their study (Papalexi and Satija, 2017; Proserpio and Mahata,
2016). Recently, the advent of single-cell sequencing (scRNA-seq) has continued to
delineate and provide further resolution into new cell types and immune cell functions in
mammals (Szabo et al., 2019; Villani et al., 2017). In lesser studied invertebrates lacking
adaptive immunity, single-cell technologies have enhanced descriptions of previously
described cell types and have redefined cell complexity (Cattenoz et al., 2020; Cho et al.,
2020; Raddi et al., 2020; Severo et al., 2018; Tattikota et al., 2020).

In insects, hematopoiesis and immune cell function have predominantly been examined
in Lepidoptera and Drosophila (Banerjee et al., 2019; Lavine and Strand, 2002), with the
mosquito, Anopheles gambiae, recently serving as an emerging system of study (Kwon
and Smith, 2019). Mosquito immune cells have proven integral to the cellular and humoral
responses that limit invading pathogens in the mosquito host (Baton et al., 2009; Castillo
et al.,, 2017; Hillyer et al., 2003; Kwon and Smith, 2019; Smith et al., 2016) and the
establishment of immune memory (Ramirez et al., 2015; Rodrigues et al.,
2010). Transcriptional (Baton et al., 2009; Pinto et al., 2009) and proteomic (Smith et al.,
2016) analysis of mosquito hemocyte populations have yielded important information into
the regulation of hemocyte function in response to blood-feeding and infection. However,
the study of mosquito immune cells (or hemocytes) has been complicated by
discrepancies in cell classification (Ribeiro and Brehélin, 2006), cell numbers (Hillyer and
Strand, 2014), and methodologies to examine their function (Kwon and Smith, 2019).
These constraints are magnified by the lack of genetic tools and markers that have limited
studies of immune cells outside of Drosophila strictly to morphological properties of size
and shape (Hillyer and Strand, 2014; Kwon and Smith, 2019).

Traditional classifications of mosquito hemocytes describe three cell types: prohemocyte

precursors, phagocytic granulocytes, and oenocytoids that have primary roles in
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melanization (Castillo et al., 2006). However, recent studies have begun to challenge
these traditional immune cell classifications, demonstrating the existence of multiple types
of phagocytic cells (Kwon and Smith, 2019; Severo et al., 2018) and that both
granulocytes and oenocytoids contribute to prophenoloxidase expression (Bryant and
Michel, 2016; Kwon et al., 2020; Kwon and Smith, 2019; Severo et al., 2018; Smith et al.,
2016). Together, this suggests that there is additional complexity to mosquito immune
cells that are not accurately represented by the traditional classification of mosquito

hemocytes into three cell types.

For this reason, here we employ the use of sSCRNA-seq to characterize mosquito immune
cells. Using a conservative approach, we identify seven hemocyte subtypes with distinct
molecular signatures and validate these characterizations using a variety of bioinformatic
and experimental molecular techniques. We define new markers that can accurately
distinguish immune cell subtypes, improving upon the ambiguity of existing
methodologies. Moreover, our data support a new model of immune cell differentiation
and maturation that leads to a dynamic population of circulating immune cells in the adult
female mosquito. In summary, these data represent a valuable resource to advance the
study of mosquito immune cells, offering a dynamic data set for comparative immunology

with other insect systems.

Results

Isolation of mosquito immune cells and scRNA-seq analysis

To examine mosquito immune cells by scRNA-seq, adult female An. gambiae were
perfused as previously (Kwon et al., 2017; Kwon and Smith, 2019; Reynolds et al., 2020;
Smith et al., 2016, 2015) from either naive or blood-fed (24 h post-feeding) conditions to
assess the physiological impacts of blood-feeding on hemocyte populations as previously
suggested (Bryant and Michel, 2016, 2014; Castillo et al., 2011; Reynolds et al., 2020).
Following perfusion, cells were stained with a live-dead viability stain to select for live
cells, with mosquito immune cells distinguished by labeling with FITC-conjugated wheat
germ agglutinin (WGA) as a general hemocyte marker and the far-red stain DRAQ5 to
label DNA content as previously (Kwon and Smith, 2019). Based on consistent patterns

of WGA/DRAQS signal intensity that were suggestive that these labeling properties could
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89  distinguish distinct groups of immune cells (Figure 1A, Figure S1), we isolated individual
90 cells by fluorescence-activated cell sorting (FACS) using three “gates” to enrich for
91 defined cell populations using these WGA/DRAQS5 properties (Figure 1A, Figure S1). An
92  additional, non-selective fourth gate isolated cells at random to achieve an unbiased cell
93  population that would be influenced by overall cell abundance (Figure 1A). Based on
94  these parameters, individual cells were isolated by FACS into a 384-well plate for further
95 processing for scRNA-seq using the SMART-seq2 methodology (Picelli et al., 2014,
96 2013). A total of 262 cells passed the quality filtering threshold of 10,000 reads per cell
97 (Figure S2), yielding 194 and 68 cells, respectively from naive and blood-fed conditions
98 (Table S1). Overall, we detected expression (>0.1 RPKM) from ~46% (6352/13,764) of
99 the An. gambiae genome, with a median of 1646 genes expressed per cell (range 45 to
100 5215). In comparison to Severo et al. (Severo et al., 2018), we see a comparable number
101  of detected genes in our analysis. However, our data display a higher number of genes
102  per cell and larger variance in genes between cell types, patterns suggestive of a broader
103 range of cell populations represented in our dataset. All immune cell data can be
104  visualized and searched using the following database:

105 https://alona.panglaodb.se/results.html?job=2c2riNM5Z12acW44RSrikHf30yv51ly 5f09d74b770
106 c9.

107  Using hierarchical clustering, we conservatively define eight distinct cell clusters or
108  immune cell-subtypes (Figure 1B). These clusters are supported by the unique molecular
109  profiles of each cell cluster when analyzed by tSNE (Figure 1C), as well as variability in
110 the number of expressed genes (Figure 1D) that infers functional heterogeneity in these
111 immune cell populations. When referenced to our FACS gating methodology based on
112 WGA/DRAQS5 staining (Figure 1A, Figure S1), each cell cluster is represented in our non-
113  selective gating conditions (Gate 4), while each of the specific gating conditions (Gates
114  1-3; Figure S1) provide enrichment for distinct cell types. Clusters 1, 7, and 8 are enriched
115 in Gate 1, Clusters 5 and 6 in Gate 2, and Clusters 2-4 in Gate 3 (Figure S1), arguing that
116  these cells have similar physical properties in WGA staining and DNA content. While at
117  present, it is unclear what defines these properties on the molecular level, the enrichment
118  achieved through our gating strategy provides further support for our FACS methodology.
119  With the exception of Cluster 3, which was only identified in naive mosquitoes, each of

5
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120 the respective cell clusters were found under both naive and blood-fed conditions (Figure
121 S3). When paired with differential gene expression between naive and blood-fed cells of
122  each cluster, only Clusters 2 and 4 displayed significant changes in gene expression
123 (Table S2). This suggests that blood-feeding may primarily influence the activation state
124  and gene expression of specific immune cell subtypes as previously suggested (Bryant
125 and Michel, 2016, 2014; Reynolds et al., 2020; Smith et al., 2016).

126 Characterization of An. gambiae immune cell clusters

127  To further characterize the cell clusters resulting from our scRNA-seq analysis, we used
128 the Seurat package (Butler et al., 2018) to identify transcriptional markers significantly
129  enriched for each cell cluster (Figure 2A, Table S3). Unlike other cell clusters, Cluster 1
130 did not display specific markers unique to the cluster and expressed several markers
131  (such as LRIM26 and SCRB9) at high levels that otherwise define specific cell clusters
132 (Figure 2A). When paired with its localization as an outlier in the t-SNE analysis (Figure
133  1C) and high median number of expressed genes (Figure 1D), we believe that these cells
134  may represent cell doublets of mixed cell origins (granulocyte and oenocytoid) resulting
135 from errors in the FACS isolation. Alternatively, these cells may also represent a
136  granulocyte undergoing transdifferentiation into an oenocytoid as has been similarly
137  suggested in Drosophila (Leitao and Sucena, 2015), yet in the absence of increased
138  expression of cell cycle genes (Figure 2B) that have been implicated in dividing
139 hemocytes (Raddi et al., 2020), this becomes a less likely scenario. Additional
140  considerations that these cells are pluripotent precursors or represent recently described
141  megacyte populations (Raddi et al., 2020) also seem unlikely given that pluripotent
142  precursors have not been described in other insect single-cell studies (Cattenoz et al.,
143 2020; Cho et al., 2020; Raddi et al., 2020; Severo et al., 2018; Tattikota et al., 2020) and
144  that Cluster 1 cells do not display enriched expression of TM7318 and LL3 (Table S4)
145 that are indicative of megacytes (Raddi et al., 2020). Without a defined expression pattern
146  and the potential that these cells may be experimental artifacts, we have focused our

147  efforts on defining the other cell clusters.

148  When we examine the expression of mitotic markers in other cell clusters, only cells of

149  Cluster 2 display increased expression (Figure 2B), supporting that these cells may have
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150 some capacity for proliferation as previously suggested (King and Hillyer, 2013). To more
151  closely evaluate the molecular profiles of each cell cluster, transcripts identified in more
152  than 80% of cells in each cluster (Table S5) were used to perform gene ontology (GO)
153  analysis (Figure 2C). Comparisons across cell clusters provide further support that
154  Clusters 2-4 are highly analogous in their core machinery, with Cluster 6 displaying a
155  related, yet divergent cellular composition represented by an increased representation of
156  transcripts involved in translation (Figure 2C). Correlations with a previous proteomics
157  study of phagocytic granulocytes in An. gambiae (Smith et al., 2016) demonstrate that
158  transcripts of Clusters 2-4 have the strongest associations with phagocytic immune cells
159  (Figure S4), providing support that these clusters represent populations of phagocytic
160 granulocytes. Cells in Cluster 5 display a unique profile predominantly comprised of
161 genes implicated in redox metabolism/stress responses (Figure 2C), while Clusters 7 and
162 8 display marked differences in composition (Figure 2C), despite sharing similar markers
163  to delineate these cell types (Figure 2A).

164  In order to further determine the classifications of our immune cell clusters, we examined
165 the expression of well-characterized Drosophila hemocyte gene orthologs (Dudzic et al.,
166  2015; Evans et al., 2014; Fossett et al., 2003; Franc et al., 1996; Kocks et al., 2005;
167 Manaka et al., 2004; Martinek et al., 2011; Stofanko et al., 2008; Waltzer et al., 2003) in
168  our dataset (Figure 2D). SPARC and Cg25C were expressed at high levels across cell
169 clusters, suggesting that these could be universally expressed markers of mosquito
170  immune cells (Figure 2D). Clusters 2-4 and 6 express the Drosophila plasmatocyte
171 markers (equivalent to mosquito granulocytes) peroxidasin (pxn) and eater (Figure 2D)
172 suggestive of phagocytic cell function. In contrast, the expression of lozenge (Iz) and
173 PPO1 indicative of Drosophila crystal cells (Cattenoz et al., 2020; Dudzic et al., 2015;
174  Evans et al., 2014; Fossett et al., 2003; Tattikota et al., 2020) were most prevalent in
175  Clusters 7 and 8 (Figure 2D), suggesting that these cell clusters are representative of
176  mosquito oenocytoid populations (equivalent to crystal cells). However, little resolution
177  into the role of Cluster 5 was provided through these comparisons to known Drosophila
178  markers (Figure 2D).
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179  Similar classifications were performed for described mosquito hemocyte genes (Bryant
180 and Michel, 2016; Castillo et al., 2006; Danielli et al., 2000; Estévez-Lao and Hillyer, 2014;
181  Kwon and Smith, 2019; Midega et al., 2013; Pinto et al., 2009; Raddi et al., 2020; Severo
182 et al., 2018; Smith et al., 2015, 2016) to provide additional resolution into our mosquito
183  immune cell clusters (Figure 2E). As previously suggested (Kwon and Smith, 2019), the
184  expression of NimB2 and PPOG6 are universal markers of mosquito immune cells (Figure
185  2E). Through the use of described granulocyte markers (Danielli et al., 2003; Raddi et al.,
186  2020; Smith et al., 2016), we are able to describe two discrete phagocytic cell types
187  (Figure 2E). Those cells (Clusters 2-4, 6) that express LRIM16A, LRR8, and LYS | (Raddi
188 et al., 2020; Severo et al., 2018; Smith et al., 2016), distinguished by more specialized
189  granulocyte populations (Clusters 2-4) that generally express SCRASP1, SRPN10, and
190 LRIM15 (Danielli et al., 2003; Smith et al., 2016). Other markers such as Ninjirin (Pinto et
191 al., 2009) and DOX-A2 (Castillo et al., 2006) expressed in Clusters 2 and 4 further
192  delineate these presumed phagocytic cell types (Figure 2E). In addition, AGAP007314
193  grouped strongly with the presumed oenocytoid cell population of Cluster 8, supporting

194 its previously described roles in melanization (Pinto et al., 2009).

195 The patterns of Lysl (AGAP011119) and FBN10 (AGAP011230) used to respectively
196 define PPO6'"Y and PPO6"9" immune cell populations in previous scRNA-seq studies
197 (Severo et al., 2018) also provide significant comparative insight into the immune cell
198  populations defined in our study. We demonstrate that Lysl is predominantly expressed
199 in the phagocytic granulocyte populations of Clusters 2-4, while FBN10 can be found in
200 both tentative granulocyte and oenocytoid populations (Figure 2E, Figure S5). There is a
201  significant correlation of Lysl and FBN10 with PPOG6 expression (Figure S5), mirroring the
202 PPO6"°" and PPO6"9" phenotypes as previously described (Severo et al., 2018), yet our
203 data argue that these cell markers do not accurately account for the added complexity of

204  mosquito immune cell populations identified in our study.

205 When we examine the transcriptional profiles of prophenoloxidases (PPOs), a family of
206 enzymes that catalyze the production of melanin in response to infection (Dudzic et al.,
207  2015), we demonstrate that the eight PPOs detected in our analysis are expressed in

208  each of the major immune cell subtypes (Figure 2F). As previously suggested (Kwon and
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209  Smith, 2019; Severo et al., 2018), PPO6 is universally expressed in all hemocytes (Figure
210 2E and 2F). PPO2, PPO4, PPO5, and PPO9 are most abundant in putative granulocyte
211 populations, while PPO1, PPO3, and PPOS8 are enriched in putative oenocytoids (Figure
212 2F). This directly contrasts previous suggestions that mosquito PPOs are only
213 constitutively expressed in oenocytoid populations (Castillo et al., 2006; Hillyer and
214  Strand, 2014; Strand, 2008), yet is supported by recent evidence that phagocytic
215 granulocyte populations in mosquitoes significantly contribute to PPO production (Kwon
216 and Smith, 2019; Smith et al., 2016). Furthermore, the enriched expression of PPO1,
217 PPOS8, and (to lesser extent) PPO3 in oenocytoids is supported by recent studies
218 examining prostaglandin signaling on PPO expression in mosquito oenocytoid
219  populations (Kwon et al., 2020).

220 Additional characterizations of immune signaling pathways (Figure S6), SRPNs and
221 CLIPs (Figure S7), chemosensory receptors/proteins (Figure S8), and tRNA expression
222 (Figure S9) across cell clusters provide further detail into the functions of our tentative
223 immune cell clusters. We demonstrate that known anti-microbial genes and signaling
224  components of the Toll, IMD, and JAK-STAT pathways (Cirimotich et al., 2010) display
225 the highest expression in Clusters 2 and 8 (Figure S6), similar to the expression patterns
226 of SRPNs and CLIPs (Figure S7) that mediate immune activation (Gulley et al., 2013;
227 Kanost and Jiang, 2015). This suggests that mosquito granulocyte and oenocytoid
228 populations each contribute to the expression of a distinct subset of immune signaling
229 processes. However, at present, it is unclear if this corresponds to pathogen-specific
230 defenses or immune responses unique to each particular cell type. Interestingly,
231 receptors involved in chemosensory recognition (ionotropic, gustatory, and odorant
232 receptors; odorant binding proteins) are highly expressed in Clusters 7 and 8 (Figure S8).
233 Although their function has not been described in mosquitoes, the role of odorant binding
234  proteins on immune system development has been described previously in other insect
235 systems (Benoit et al., 2017). Moreover, the differential expression of transfer RNA
236  (tRNA) genes across cell populations provided useful measures to tease apart Clusters
237  5-8 from other cell clusters (Figure S9), potentially representing different activation states
238 or stages of immune cell development as previously defined in mammalian systems
239  (Krishna et al., 2019; Rak et al., 2020; Torrent et al., 2018).
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240 Based on these characterizations, our data support the identification of NimB2, SPARC,
241  and PPOG6 as universal markers of mosquito immune cell populations that can be found
242  in each of our cell clusters (Figure 2G, Figure S10). Given the low number of expressed
243 genes (Figure 1), the lack of discernable markers (Figure 2, Figure S10), and low levels
244  of cyclin G2 (Table S4) that define differentiated cell populations (Horne et al., 1997;
245  Martinez-Gac et al., 2004), we believe that Cluster 5 represents a progenitor population
246 of prohemocytes (Figure 2G). Clusters 2-4 and 6 can be described as granulocytes,
247  distinguished by LRIM16A and LRR8 (Raddi et al., 2020; Smith et al., 2016), and further
248 delineated as “mature” granulocyte populations in Clusters 2-4 marked by the expression
249  of LRIM15 and SCRASP1 (Figure 2G, Figure S10). In the absence of these additional
250 phagocytic markers, we believe that the less defined populations of Cluster 6 likely
251  represent immature granulocytes. Clusters 7 and 8 represent populations of oenocytoids
252  that can easily be denoted by the expression of two scavenger receptors, SCRB9 and
253 SCRB3 (Figure 2G, Figure S10).

254  Confirmation of mosquito immune cell subtypes

255  To confirm the identification of our immune cell clusters and to establish a reliable set of
256  markers to distinguish immune cell subtypes, we performed RNA-FISH on fixed immune
257  cell populations and paired these observations with the phagocytic properties of each of
258 the respective cell populations (Figure 3). Supported by our expression data, the
259  “universal” marker Nimrod B2 (NimB2) labeled all hemocytes (Figure 3A). Serving as a
260  marker for phagocytic cells, we demonstrate that LRIM15 effectively labels phagocytic
261  cell populations (Figure 3B), while the labeling of SCRB9 (Figure 3C, Figure S11) and
262 SCRB3 denote mosquito oenocytoid populations (Figure S12). As further validation,
263  RNA-FISH experiments performed with both LRIM15 and SCRB9 probes identify distinct
264  populations of LRIM15" or SCRB9* cells, confirming that these markers label unique cell

265 populations (Figure S13).

266  When these respective RNA-FISH markers are used to examine cell abundance, >90%
267  of fixed cells are NimB2* (Figure 3D), further demonstrating its role as a reliable general
268  cell marker. LRIM15* phagocytic granulocyte populations represent ~60% of fixed cells,

269 while only ~5% of cells are SCRB9* (Figure 3D). As expected, LRIM15" cells are

10
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270  phagocytic, while SCRB9" cells do not display phagocytic activity (Figure 3E), agreeing
271 with the respective phagocytic and non-phagocytic roles of mosquito granulocytes and
272 oenocytoids. Moreover, when phagocytic activity was compared between LRIM15* and
273  LRIM15 phagocytes, LRIM15" cells displayed significantly higher phagocytic activity
274  (Figure 3F). These data also indirectly support that the LRIM15" phagocytic cells are likely
275 those of the “immature” granulocytes of Cluster 6. Additional experiments using
276  clodronate liposomes to deplete phagocytic cell populations (Kwon and Smith, 2019)
277 demonstrate that NimB2*/LRIM15* cells are highly susceptible to clodronate treatment
278  (Figure 3G), providing further confirmation of their phagocytic cell function. The specificity
279  of clodronate treatment was further validated by gRT-PCR, demonstrating that the
280  expression of “universal” or “granulocyte” transcripts were reduced following phagocyte
281 depletion, while “oenocytoid” markers remain unaffected (Figure 3H). Together, these
282  data confirm the identification of our mosquito immune cell clusters and define the use of
283  specific cell markers to delineate granulocyte and oenocytoid populations in An. gambiae.

284  However, ~30% of cells (most are NimB2*) cannot be fully resolved by the expression of
285 LRIM15 and SCRB9 alone (Figures 3B and 3C). This is evidenced by the
286  NIimB2*/LRIM15" cells displayed in Figure 3F, which may represent other adherent cell
287  populations with “granulocyte-like” morphology, potentially belonging to cells of Clusters
288 5 or 6 that are LRIM15" (Figure 3B).

289  Further defining mosquito granulocyte and oenocytoid sub-populations

290 Based on the initial comparisons of known phagocytic cell markers (Figure 2) and the
291  confirmation of phagocytic activity in LRIM15* cells (Figure 3), our data conservatively
292  support the presence of four granulocyte subtypes (Clusters 2, 3, 4, and 6; Figure 2,
293  Figure S10). To better define these subtypes, we more closely investigated the putative
294  functional roles of each of these cell populations. Cells of Cluster 2 display high levels of
295 immune gene expression of anti-microbial peptides (AMPs), components of the Toll
296 pathway, TEP1, MMP1, and LRIM26 (Figure S14) that may represent a class of
297  specialized immune cells similar to other recent studies (Cattenoz et al., 2020; Raddi et
298 al., 2020; Tattikota et al., 2020). However, tentative cell functions for the other cell clusters

299 are less transparent. Cells of Cluster 3 have little immune gene expression and are

11
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300 distinguished by the increased production of LRIM6, cathepsin L, and cathepsin F, while
301 cells in Cluster 4 display high levels of FBN 8, FBN 10, and multiple PPO genes (Figure
302 S14). By contrast, cells in Cluster 6 display reduced expression of several phagocytic
303 markers (Figure S14), suggesting that cells of this subtype lack the specialized phagocytic
304 function of fully differentiated granulocytes. The reduced expression of Cyclin G2 (Figure
305 S14), a marker of differentiated cells (Horne et al., 1997; Martinez-Gac et al., 2004),
306  supports this hypothesis. Together, these data support that Cluster 6 likely represents a
307 granulocyte precursor, whereas Clusters 2-4 are differentiated subtypes with unique cell

308 functions.

309 Similarly, differences in gene expression were also used to distinguish between the two
310 oenocytoid subtypes. While both cell clusters express a subset of genes unique to the
311  oenocytoid lineage (Figure 2), expression of most oenocytoid markers, such as PPO1,
312 SCRB3 and SCRB9, are higher in Cluster 8 (Figure S14). Moreover, Cluster 8 also
313  expresses high levels of hnt/peb, DnaJ-1, MIf, klu, and lozenge (Figure S14) that are
314 indicative of mature Drosophila crystal cells (Koranteng et al., 2020; Miller et al., 2017;
315 Tattikota et al., 2020; Terriente-Felix et al., 2013), suggesting that Clusters 7 and 8
316  respectively represent populations of immature and mature oenocytoids. This is further
317 supported by reduced levels of Cyclin G2 in cells of Cluster 7 (Figure S14), characteristic
318 of a less differentiated cell type (Horne et al., 1997; Martinez-Gac et al., 2004).

319 Differentiation of mosquito immune cell populations using lineage analysis

320 Previous studies in mosquitoes have suggested that prohemocyte precursors give rise to
321 differentiated granulocyte and oenocytoid populations (Ramirez et al., 2014; Rodrigues
322 etal., 2010; Smith et al., 2015). Additional evidence supports that granulocytes undergo
323 mitosis to proliferate in response to infection (King and Hillyer, 2013). However, these
324 observations have been based on morphological characterization, providing only
325 speculation to the source of these immune cell populations. To better understand the
326  origins of our identified immune cell clusters, we performed lineage analysis to determine
327 relationships between the transcriptional profiles of individual cells to construct cell
328 lineages in pseudotime using Monocle3 (Cao et al., 2019; Packer et al., 2019; Trapnell et

329 al,, 2014). Individual cells were analyzed in pseudotime to reveal two distinct lineages
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330 from a shared precursor population (Figure 4A). When visualized by cell cluster (Figure
331  4B), these patterns support that the presumed prohemocyte precursors of Cluster 5 serve
332 as the initial branching point for our cell lineages delineate into either granulocyte
333  (Clusters 2, 3, 4, 6) or oenocytoid lineages (Clusters 7, 8). For the granulocyte lineage,
334  precursor cells progress into cells of Cluster 6 before final maturation in the specialized
335 granulocyte populations of Cluster 2-4 (Figure 4B), where at present, we are unable to
336 provide further resolution into the differentiation of these cells without further detailed
337 experiments. In contrast, for the oenocytoid lineage, Monocle3 analysis supports that
338  precursor cells first differentiate into cells from Clusters 7 before maturation into the
339  mature oenocytoid cells of Cluster 8 (Figure 4B). Based on these cell trajectories (Figures
340 4A and 4B) as well as transcriptional differences that likely define immature cell types
341 (Figure S13), our results support a model for immune cell differentiation and the
342  progression of cells within each lineage (Figure 4C). These data corroborate the
343  differentiation of cells from a prohemocyte precursor as previously proposed (Ramirez et
344  al., 2014; Rodrigues et al., 2010; Smith et al., 2015), while providing insight into the
345 potential role of cell intermediates undergoing maturation before terminal differentiation
346  of mosquito immune cell subtypes (Figure 4C) similar to those recently described in
347  Drosophila (Tattikota et al., 2020).

348 Lozenge promotes differentiation of the oenocytoid lineage

349  While several genes have been described that promote Drosophila immune cell lineages
350 (Evans et al., 2014), the factors that define mosquito immune cell lineages have not been
351  described beyond the role of multiple immune signaling pathways that influence hemocyte
352 differentiation in response to malaria parasite infection (Ramirez et al., 2014; Smith et al.,
353  2015). To further explore the factors that determine mosquito immune cell lineages, we
354 focused on oenocytoid differentiation and the role of lozenge. In Drosophila, lozenge (1z)
355 expression is integral to defining crystal cell fate (Fossett et al., 2003; Waltzer et al.,
356 2003), the equivalent of mosquito oenocytoids. To similarly examine the role of lozenge
357 in mosquito oenocytoid development, we used RNA-FISH to demonstrate and confirm
358 the expression of lozenge in mosquito immune cells (Figure 5A). Lozenge was detected
359 in ~15% of fixed cells (Figure 5B), a much higher percentage than that of SCRB9* cells

360 demarcating An. gambiae oenocytoids (Figure 3). When we more closely examined the
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361 expression of lozenge and SCRB9, we see that co-localization of both markers only
362  occurs in a subset of lozenge* cells (Figure 5C), suggesting that lozenge is expressed in
363 other immune cell subtypes in addition to mosquito oenocytoid populations. This is
364 supported by the expression of lozenge in other immune cell clusters (Figure 5A), the
365 ability of a subset of lozenge+ cells to undergo phagocytosis, as well as the depletion of
366 lozenge® cells and lozenge expression following depletion of phagocytic cell populations
367 (Figure S15). To evaluate the influence of lozenge on oenocytoid cell fate, we silenced
368 lozenge expression by RNAi (Figure S16) and examined the co-localization of
369 LRIM15/SCRB9 by RNA-FISH. In lozenge-silenced mosquitoes, we see a significant
370 decrease in LRIM15/SCRB9* cells (Figure 5D), suggesting that lozenge is integral to
371  defining the oenocytoid lineage. This is further supported by the specific reduction of
372 PPO1/3/8 expression (Figure 5E), PPOs that are enriched in Clusters 7 and 8
373  corresponding to the oenocytoid cell fate (Figure 2F). Together, these data support that
374 lozenge expression is an important driver of the oenocytoid lineage in An. gambiae
375 (Figure 5F). Based on our cell trajectories proposed in Figure 4, it suggests lozenge*
376  prohemocytes promote the differentiation into an oenocytoid. However, the presence of
377 lozenge in a subset of phagocytic granulocyte populations (Figure 5, Figure S15) may
378  alternatively support a model of transdifferentiation in which oenocytoids can be derived
379  from phagocytic granulocytes as previously proposed in Drosophila (Leitao and Sucena,
380 2015).

381 Discussion

382  Our understanding of mosquito immune cells has largely been shaped by studies in other
383 insects (Banerjee et al., 2019; Lavine and Strand, 2002). From morphological
384 observations of size and shape, three cell types have been described in mosquitoes:
385 prohemocytes, oenocytoids, and granulocytes (Castillo et al., 2006). However, with the
386 advent of additional molecular tools to study mosquito immune cell function, several
387  studies have supported an increased complexity of hemocyte populations beyond these
388 generalized cell subtype classifications (Bryant and Michel, 2016; Kwon and Smith, 2019;
389  Pondeville et al., 2020; Raddi et al., 2020; Severo et al., 2018; Smith et al., 2016). Herein,
390 we demonstrate through scRNA-seq experiments and additional molecular
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391 characterization that there are at least seven conservatively defined immune cell
392  populations in An. gambiae.

393  Similar to previous characterizations (Castillo et al., 2006), we identify prohemocyte,
394 oenocytoid, and granulocyte populations in our RNA-seq analysis. However, in both the
395 oenocytoid and granulocyte classifications, we identify multiple, distinct immune cell
396 populations defined by developmental progression, activation state, or specialized
397 immune function similar to those recently described in Drosophila (Cattenoz et al., 2020;
398 Tattikota et al., 2020). Moreover, we provide an initial set of markers to accurately
399  distinguish between mosquito immune cell populations using RNA-FISH and validate
400 these identifications through co-localization experiments, phagocytosis experiments, and
401 phagocyte depletion assays. Therefore, these experiments provide important and much-
402 needed cell markers that reliably distinguish oenocytoid and granulocyte populations to
403  advance the study of mosquito immune cells.

404 Through our scRNA-seq analysis, we identify at least four granulocyte subtypes in An.
405 gambiae based on gene expression, previous proteomics studies (Smith et al., 2016),
406  and phagocytic properties. This expansion of the general “granulocyte” classification is
407  supported by previous morphological observations of granulocytes in mosquitoes (Kwon
408 and Smith, 2019; Pondeville et al., 2020), and more recently by parallel scRNA-seq
409  experiments in Drosophila (Cattenoz et al., 2020; Tattikota et al., 2020) and An. gambiae
410 (Raddi et al., 2020). Of these four granulocyte subtypes, our data support that cells of
411  Cluster 6 are intermediate or immature granulocyte forms that display distinct expression
412  patterns from prohemocyte precursors, yet do not have the same properties of other
413  granulocyte subtypes (Cluster 2-4). This is supported by our pseudotime lineage analysis,
414  where these immature cells of Cluster 6 give rise to more specialized granulocyte
415 populations, similar to that described for comparable immature plasmatocytes in
416  Drosophila (Tattikota et al., 2020). This maturation in Clusters 2-4 includes the increased
417  expression of the phagocytic cell markers LRIM15 and SCRASP1 (Smith et al., 2016) as
418 well as Cyclin G2 as a marker of differentiated cells (Horne et al., 1997; Martinez-Gac et

419  al., 2004) that result in more specialized granulocyte subtypes.
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420 Of these “mature” granulocytes, Cluster 2 displays increased immune properties
421  comparable to other recently described granulocyte or plasmatocyte populations in in An.
422 gambiae (Raddi et al., 2020) and Drosophila (Cattenoz et al., 2020; Tattikota et al., 2020).
423  Based on their increased expression of anti-microbial peptides (AMPs) and other immune
424 components such as TEP1, these cell populations may have a primary role in the
425 hemocyte-mediated immune responses that limit bacteria (Hillyer et al., 2003; Reynolds
426 etal., 2020) or the recognition and killing of malaria parasites (Castillo et al., 2017; Kwon
427 and Smith, 2019). Granulocytes of Cluster 3 can be delineated by the expression of
428 LRIMG, as well as cathepsin L and cathepsin F. In other invertebrate systems, cathepsin
429 L has been implicated in hemocyte lysosomes, serving important roles in the degradation
430 of phagocytosed materials by phagocytic immune cells (Jiang et al., 2018; Tryselius and
431  Hultmark, 1997). Both cathepsin L and cathepsin F have been associated with anti-
432  microbial activity (Guo et al., 2018; Jiang et al., 2018), that together infer that these cells
433 likely play an important role in immunity and immune homeostasis, although at present it
434  is unclear why these cells are only detected under naive conditions. Cells within Cluster
435 4 display high levels of FBN10, which resemble previously described PPO6"9" phagocytic
436  cell populations (Kwon and Smith, 2019; Severo et al., 2018). Our lineage analysis
437  suggests that Cluster 4 may serve as an intermediate, potentially giving rise to cells of
438  Clusters 2 and 3, or could alternatively represent different activation states among these
439  granulocyte populations. Supporting this theory, Cluster 3 cells were only identified under
440 naive conditions, whereas both Clusters 2 and 4 displayed transcriptional changes in
441  response to blood-feeding. However, additional studies are required to more closely
442  resolve the impacts that feeding status (naive, blood-fed, Plasmodium infection) may

443  have on these granulocyte subtypes as transient cell states or as differentiated cell types.

444  In addition to identifying multiple granulocyte subtypes, we also define two populations of
445 mosquito oenocytoids (clusters 7 and 8) that likely reflect immature and mature cell
446  populations analogous to those recently described for Drosophila crystal cell populations
447  (Cho et al., 2020; Koranteng et al., 2020; Tattikota et al., 2020). Mature oenocytoids
448  (Cluster 8) are denoted in part by the increased expression of lozenge, PPO1, pebbled,
449  DNA J, MLF, Notch, and klumpfuss as previously described (Cho et al., 2020; Koranteng
450 et al., 2020; Tattikota et al., 2020), as well as the increase in SCRB3 and SCRB9 which
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451  serve as a new marker of mosquito oenocytoids in our analysis. Despite these differences
452 in cell maturation, the mosquito oenocytoid lineage is very distinct from that of
453  granulocytes and relies on the expression of lozenge to promote oenocytoid
454  differentiation as in Drosophila crystal cells (Fossett et al., 2003; Waltzer et al., 2003). In
455  Drosophila, lozenge is a transcription factor that interacts with the GATA factor serpent
456  to promote the crystal cell lineage from embryonic or larval lymph gland prohemocytes
457  (Fossett et al., 2003; Walltzer et al., 2003), a process that is tightly regulated by u-shaped
458  expression (Fossett et al.,, 2003). In our analysis, u-shaped is expressed in mature
459  granulocytes (Cluster 2-4), implying that its expression can be a marker of differentiated
460 granulocytes that are no longer able to adopt an oenocytoid cell fate. This is supported
461 by our on lineage analysis, where differentiation likely occurs from circulating
462  prohemocyte precursor populations (Cluster 5), yet we cannot rule out the potential that
463  immature granulocyte populations are able to undergo transdifferentiation as previously
464  described in Drosophila (Leitao and Sucena, 2015). Together with our lozenge gene-
465  silencing data, this suggests that the regulation of oenocytoid differentiation may be highly

466  conserved between Drosophila and Anopheles.

467  Our study also breaks down existing paradigms that insect oenocytoids/crystal cells are
468  primarily associated with prophenoloxidase (PPO) production and melanization (Hillyer
469 and Strand, 2014; Lavine and Strand, 2002; Lu et al., 2014). This largely stems from work
470 in Drosophila, where two of the three PPOs (PPO1 and PPO2) are expressed in crystal
471  cells (Dudzic et al., 2015), and in Bombyx mori where PPOs are exclusively synthesized
472 by oenocytoids (Iwama and Ashida, 1986). However, our scRNA-seq results suggest that
473  both granulocytes and oenocytoids are involved in PPO production, and that distinct
474  subsets of PPOs are differentially regulated in the granulocyte and oenocytoid lineages.
475  Following lozenge-silencing, we see significant decreases in PPO1, PPO3, and PPOS8
476  expression, transcripts that were highly enriched in oenocytoids in our study, while the
477  remaining PPO genes were unaffected. This is supported by similar RNAI experiments in
478 Aedes aegypti, where lozenge and Toll signaling influence orthologous PPO gene
479  expression (Zou et al., 2008). Recent studies of prostaglandin signaling in An. gambiae
480 have also implicated the regulation of PPO1, PPO3, and PPO8 in oenocytoid populations
481 (Kwon et al., 2020), providing further support that a subset of PPOs are specifically
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482  regulated in oenocytoids. In addition, several lines of evidence support that granulocyte
483  populations also contribute to PPO expression in An. gambiae, including PPOG6 transgene
484  expression and staining in mosquito granulocytes (Bryant and Michel, 2016, 2014;
485  Castillo et al., 2006; Kwon and Smith, 2019; Severo et al., 2018), the effects of phagocyte
486  depletion on PPO expression (Kwon and Smith, 2019), and the identification of multiple
487  PPOs in the mosquito phagocyte proteome (Smith et al., 2016). This is a departure from
488  other insect systems and is most likely a reflection of the expansion of the PPO gene
489  family in mosquito species, where a total of 9 An. gambiae PPOs have been annotated
490 with yet undescribed function. Together, these results suggest new possible roles for

491  PPOs in mosquito immune cells and their respective roles in the innate immune response.

492 Initial comparisons to recently published Drosophila immune cell scRNA-seq experiments
493  (Cattenoz et al., 2020; Tattikota et al., 2020) reveal both similarities and differences in
494 immune cell populations between dipteran species. Similar to Drosophila, our data in
495  mosquitoes support the developmental progression and specialization of immune cells
496  from precursor populations, the presence of multiple phagocytic cell populations, and
497  multiple shared markers that delineate the oenocytoid/crystal cell lineage (Cattenoz et al.,
498  2020; Tattikota et al., 2020). However, several differences are also noted in mosquitoes,
499 including the absence of well-characterized Drosophila immune cell markers such as
500 hemolectin (Goto et al., 2003; Pondeville et al., 2020) and hemese (Kurucz et al., 2003),
501 and the lack of lamellocyte cell populations. We also identify several mosquito immune
502  cell markers, such as LRIM15 and the expansion of PPO genes, which are unique to
503 mosquito immune cell populations. Other respective differences in the isolation of cells
504 from larvae or adults in Drosophila and mosquitoes, may further explain other disparities
505 in cell types or steady states of activation. Ultimately, these questions require a more in-

506 depth comparison of immune cells between these two species in the future.

507 When placed in the context of previously published scRNA-seq studies in mosquitoes
508 (Raddi et al., 2020; Severo et al., 2018), our results provide additional resolution and
509 perspective to the burgeoning study of mosquito immune cells. With regard to the study
510 by Severo et al. (Severo et al., 2018), we expand upon the initial characterization of 25

511 cells and classification of PPO6"9" and PPO6'Y immune cell subtypes, providing an
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512 increased number of cells examined (n=262) and the number of described hemocyte
513  subtypes. Furthermore, our experiments support that the previously defined PPO6"9" and
514 PPO6"" populations (Severo et al., 2018) represent granulocyte subtypes based on their
515 phagocytic ability similarities to gene expression profiles identified in our analysis. When
516 compared to Raddi et al. (Raddi et al., 2020), our analyses are highly complementary,
517  resulting in the description of comparable immune cell subtypes, despite having ~1/20%
518 the number of single-cell transcriptomes in our study. Both studies are able to similarly
519 define prohemocytes, multiple granulocyte populations (including an immune-enriched
520 subtype), and oenocytoids. However, our studies are not without their differences. In our
521 study we do not identify cell signatures of megacytes, rare immune cell populations
522 denoted by TM7318 and LL3 expression (Raddi et al., 2020). At present, it is unclear if
523  this is due to the smaller number of immune cells examined in our study, or if this is due
524  to technical differences in the experimental approach between studies (Drop-seq vs.
525 FACS isolation in our study). In addition, there are also differences in the description of
526  oenocytoids between our studies, in which we suggest that oenocytoids are derived from
527 prohemocytes and provide evidence that these cell populations undergo maturation
528 similar to that in Drosophila (Koranteng et al., 2020; Tattikota et al., 2020). While there
529 are additional details unique to each of these respective studies, we believe that they
530 together represent a significant advancement in our understanding of mosquito immune

531 cells, serving as a strong foundation for future studies of mosquito hemocyte biology.

532 A primary goal of our study has also been to integrate our dataset with previous
533 descriptions of Anopheles hemocytes, thereby enhancing its role as a community
534  resource by placing our analysis in the larger context of previously published work. As a
535 result, we incorporate several markers detailed in previous immunofluorescence assays
536  (Bryant and Michel, 2016, 2014; Castillo et al., 2006; Pinto et al., 2009), transcriptional
537 studies (Pinto et al., 2009), and proteomic analysis (Smith et al., 2016) that have proven
538 instrumental to the characterization of our immune cell clusters. Strengthened by
539 homology to studies of Drosophila hemocytes (Cattenoz et al., 2020; Cho et al., 2020;
540 Tattikota et al., 2020), we provide a reliable set of lineage-specific markers that accurately
541 define the granulocyte and oenocytoid lineages. When paired with phagocytosis assays

542 and methods of phagocyte depletion (Kwon and Smith, 2019), we provide an enhanced
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543  set of tools to define mosquito immune cell populations. In contrast to previous reports of
544  rare phagocytic events by oenocytoids when relying only on cellular morphology (Hillyer
545 et al., 2003), our RNA-FISH data support that mosquito oenocytoid populations do not
546 undergo phagocytosis. Therefore, our results improve upon existing knowledge to

547 increase the consistency and resolution in the study of mosquito immune cells.

548 In addition, our study also provides several new insights into mosquito immune cell
549  biology that warrant further study. This includes the expression of CLIP-domain serine
550 proteases (CLIPs) and serine protease inhibitors (SRPNs) in distinct oenocytoid and
551  granulocyte populations, the enrichment of chemosensory genes in oenocytoids, and the
552  variable expression of tRNAs across immune cell clusters. Together, these are
553  suggestive of distinct transcriptional repertoires within immune cell subtypes that may
554  impart as of yet unknown biological functions specialized for each cell type. Our data also
555  provide additional detail into the regulation of immune cell differentiation, demonstrating
556 the integral role of lozenge in driving the oenocytoid cell lineage. Other transcription
557  factors such as LL3 (Raddi et al., 2020; Smith et al., 2015) and STAT-A (Smith et al.,
558 2015) have been implicated in the differentiation of the granulocyte and oenocytoid
559 lineages in Anopheles, yet at present, we have very little understanding of the signals that
560 promote mosquito hematopoiesis and hemocyte differentiation. It is also of interest to
561 examine how immune cell populations differ between life stages (larvae and adult), to
562  determine how immune cells are influenced by the microbiota, and how different pathogen
563 signatures can influence immune cell development and differentiation. As a result, we
564 believe that the candidate markers and cell lineage progressions proposed by our study
565 provide an essential first step to approach this multitude of questions in Anopheles

566  through future work.

567 In summary, our characterization of mosquito hemocytes by scRNA-seq and
568 accompanying functional validation experiments provide an important advancement in
569 our understanding of An. gambiae immune cell populations. Through the molecular
570 characterization of at least seven immune cell subtypes and the development of
571  dependable molecular markers to distinguish between cell lineages, we have developed

572 new molecular tools where genetic resources were previously lacking. Through functional
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573 data and efforts to incorporate existing knowledge of mosquito hemocytes, we believe
574  that our data will serve as an important resource for the vector community, that together
575  offer new insights into the complexity of mosquito immune cells and provide a strong

576  foundation for comparative function of insect immune cells.

577 Materials and Methods

578 Mosquito rearing

579  Adult An. gambiae mosquitoes of the Keele strain (Hurd et al., 2005; Ranford-Cartwright
580 et al., 2016) were reared at 27°C with 80% relative humidity and a 14/10 hour light/dark
581 cycle. Larvae were reared on a diet of fish flakes (Tetramin, Tetra), while adult mosquitoes
582 were maintained on 10% sucrose solution and commercial sheep blood for egg
583  production.

584 Isolation and sorting of mosquito immune cells for single-cell RNA sequencing
585 Hemolymph was perfused from female mosquitoes (n=40) under naive (3- to 5-day old)
586  or blood-fed (~24h post-feeding) conditions using an anticoagulant solution as previously
587 described (Kwon and Smith, 2019; Smith et al., 2016). Perfused hemolymph was diluted
588 with 1X PBS to a total volume of 1 mL, then centrifuged for 5 min at 2000xg to pellet cells.
589  After the supernatant was discarded, cells were washed two times in 1X PBS with an
590 additional centrifugation step of 5 min at 2000xg between washing steps. Cells were
591 incubated with WGA (1:5000, Sigma), DRAQ5 (1:1000, Thermo Fisher Scientific) and
592  Live/Dead Fixable Dead Cell Stain (1:1000 Thermo Fisher Scientific) for 90 min at room
593 temperature. Following incubation, cells were washed twice in 1X PBS to remove excess
594  stain with a centrifugation step of 5 min at 2000 xg and run on a BD FACSCanto cytometer
595 (BD Biosciences). Based on the previous flow cytometry data for establishment of
596 threshold values for gating (Kwon and Smith, 2019), cells smaller or larger than single
597 cells were excluded. Cell viability was determined by the intensity of the blue fluorescent
598 signal from the Live/Dead Fixable Dead Cell Stain, where dead cells display higher
599 fluorescent signal. Following gating for cell viability, cell populations were distinguished
600 by WGA and DRAQS5 signals and with individual cells sorted into each well of a 384-well
601 plate (twintec™ PCR plates, Eppendorf, Germany) containing 2.3 pl lysis buffer (Picelli et
602 al., 2013).
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603 cDNA libraries were generated using a slightly modified version of Smart-seq2 as
604  previously described (Picelli et al., 2013), where 23 cycles for cDNA amplification were
605 used. Single-cell libraries were sequenced on the HiSeq2500 platform (lllumina) using 56
606 base pair single-end sequencing. Library preparation and sequencing was performed at
607 ESCG and NGI, SciLifeLab, Sweden.

608 Computational analysis

609  Sequencing reads were mapped to the Anopheles gambiae AgamP4 reference genome
610 (Ensembl release 40) and ERCC sequences with the HISATZ2 aligner version 2.1.0 (Kim
611 et al.,, 2015). Only alignments with mapping quality 60 were retained. Quantification of
612 gene expression was performed on the gene level. Overlapping exons of the same gene
613  were merged based on their annotation coordinates. Counting of alignments on genome
614 annotations was performed with the program subread version 1.6.2 (Liao et al., 2014)
615  with the *-s’ flag set to 0. Quality control of the data was performed by examining the
616  fraction of sequencing output from ERCC templates versus the genome. Moreover, we
617 applied a threshold of a minimum of 10,000 uniquely mapped reads per cell, only
618  considering reads mapped in exons, i.e. intronic and intergenic reads are not counted
619 towards the 10,000-minimum threshold; cells with fewer reads were not included in
620 downstream analyses. Raw read counts were normalized to RPKM to adjust for gene
621 length (Mortazavi et al., 2008). RPKM values were transformed with the function
622 log2(x+1), where x is a vector of expression values. The complete quality-filtered gene
623  expression data (as RPKM values) for all 262 cells is found in Table S1. Statistical

624  analyses and data visualization were performed with the R software (www.r-project.orq)

625 version 3.5.3. Hierarchical clustering with Euclidean distance was used to define cell
626  clusters; the ward.D2 agglomeration method was used for linkage. The final clusters were
627 defined using a combination of manual examination of the tree structure and the
628  cutreeDynamic function of the R package dynamicTreeCut (with method set to hybrid and
629 deepSplit set to 4) (Langfelder et al., 2008).

630 Clustering and functional analysis of single-cell data
631 Raw reads count for single cells data were scaled and normalized using scale factor

632  function (log10) for genes of interest. The percentage and the average expression of the

22


http://www.r-project.org/
https://doi.org/10.1101/2020.07.11.197939
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.11.197939; this version posted January 1, 2021. The copyright holder for this preprint
(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
available under aCC-BY-NC-ND 4.0 International license.

633  selected genes were calculated in a scaled normalized expression along a continuous
634  color scale. Seurat Dotplot version (3.1.5) was used for visualization in R (version 3.5.3)
635 software. The color intensity is proportional to a scaled average gene expression level for
636 the selected genes across all clusters and the size of the circle is correspondence to the

637  percentage of cells within each cluster expressing a gene (Stuart and Satija, 2019).

638 Heatmaps were produced using the pheatmap package (version 1.0.12), where the
639 average expression of the selected genes was calculated from the normalized scaled
640 RPKM values from clustering data. The working data frame matrix was prepared using
641 tidy-verse package version (1.3.0) for heatmap construction on selected gene sets
642  corresponding (hemocyte gene orthologs, immune genes, etc.) to visualize expression
643 across clusters. The clustering distance applied to the heatmaps was based on
644  spearman.complete.obs with the scale set to be the selected genes as a comparison for
645  visualization. Color intensity corresponds to the average transcript abundance encoded
646  with navy, white, red and firebrick 3, with the latter indicating a significant increase in the

647  expression of a given gene.

648  Cell cycle gene analysis was performed using the Seurat function “AddModuleScore” to
649  calculate the average expression levels of transcripts annotated to be involved in the cell
650 cycle (GO:0007049) 191 transcripts similar to Raddi et al. (Raddi et al., 2020). After
651 filtering out cells expressing less than 1% of the transcripts, 172 remaining transcripts
652  were used in a combined expression score to calculate the enrichment of cell cycle genes
653 among clusters. Positive scores indicate higher expression of genes involved in cell cycle

654  regulation suggestive of cell proliferation.

655  To perform gene ontology (GO) analysis on each of the defined cell clusters, transcripts
656 expressed in >80% of each respective cell cluster (Table S5) were examined to
657 characterize the molecular composition of each cell type. Gene IDs (AGAP accession
658 numbers) were classified based on gene ontology as previously (Mendes et al., 2011;
659  Smith et al., 2016) to identify the functional categories of proteins within each cell cluster

660 and to enable comparisons between cell clusters.

661  Differential expression analysis was performed using linear models as implemented in

662 the alona software (https://github.com/oscar-franzen/alona/) (Franzén and Bjorkegren,
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663  2020). Genes with false discovery rate (FDR; Benjamini-Hochberg'’s procedure) <5% and
664  the absolute value of the log fold change>1.5 were considered significantly differentially
665 expressed. All data can be visualized using the alona server (Franzén and Bjorkegren,
666 2020) at the following project link:
667  https://alona.panglaodb.se/results.html?job=2c2r1NM5Z12qcW44RSrjkHf30yv51y 5f09

668  d74b770c9.

669 Cell trajectory and pseudotime analysis

670 Cells were assigned to cell groups using Monocle3 with UMAP clustering (Cao et al.,
671  2019; Packer et al., 2019; Qiu et al., 2017; Trapnell et al., 2014). Data was normalized to
672 remove batch effects using PCA clustering to 100 dimensions (Haghverdi et al., 2018).
673 Pseudotime was calculated in Monocle3, with colors representing pseudotime changes
674 among the cell clusters (Cao et al., 2019; Packer et al., 2019; Qiu et al., 2017; Trapnell
675 et al, 2014). Bioinformatic methods for Monocle analyses can be found at:
676  https://github.com/ISUgenomics/SingleCellRNAseqg RyanSmith.

677 RNA-FISH

678 In order to classify hemocyte populations by detecting specific RNA expression, we used
679 RNAscope®Multiplex Fluorescent Reagent Kit v2 Assay (Advanced Cell Diagnostics),
680 and in situ hybridization was performed using the manufacturer’s instruction. Using
681  anticoagulant solution, hemolymph was perfused from non-blood fed mosquitoes (3 to 5
682 days old) and placed on a superfrost microscopic slide (Fisher Scientific) to adhere at RT
683  for 20 min. Cells were fixed with 4% paraformaldehyde for 15 min at 4°C, then washed
684  three times with 1X PBS. Hydrogen peroxide was applied to the cells, and slides were
685 incubated for 10 min at room temperature (RT). After washing three times in sterile
686  distilled water, cells were treated Protease IV and incubated for 30 min at RT. To delineate
687 hemocyte populations, a nimrod B2 (AGAP029054) RNA probe conjugated with C1
688 (Severo et al., 2018) was used as a universal maker and was mixed with a specific RNA
689  probe conjugated with C2, either leucine rich-repeat immune protein 15 (LRIM15:
690 AGAPO007045; regions 2-874 of XM_308718.4), or lozenge (Lz: AGAP002506; regions
691 168-1372 of XM_312433.5). For the identification of oenocytoid populations, SCRB3
692 (AGAP005725; regions 337-1276 of XM_315741.5) or SCRB9 (AGAP004846; regions
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693  402-1306 of XM_001688510.1) RNA probes conjugated with C1 were co-incubated with
694  either LRIM15 or Lz probes. All RNAscope probes are commercially available through
695 Advanced Cell Diagnostics. Fixed hemocyte slides were hybridized with the respective
696  mixtures of RNA probes in a HybEZ™Oven for 2 h at 40°C. After washed two times with
697  wash buffer for 2 min, hybridized probes were incubated with respective AMP reagents
698 (AMP1 and AMP2) for 30 min at 40°C and with AMP3 for 15 min at 40°C. Cells were
699  washed two times with wash buffer between AMP incubations. Cells were incubated with
700  RNAscope®Multiplex FLv2 HRP-C1 for 15 min at 40°C, labeled with selected Opal
701 Fluorophore reagent (Akoya Bioscience) at dilution facto (1:1000) for 30 min at 40°C and
702  treated with RNAscope®Multiplex FLv2 HRP blocker for 15 min at 40°C. Cells were
703  washed two times with wash buffer for 2 min between incubations. Following C1 labeling,
704 cells were incubated with a specific RNAscopesMultiplex FLv2 HRP-C2 conjugated
705  solution, desired Opal Fluorophore reagent (1:1000; Opal™520 or Opal™570) and HRP
706  blocker. Slides were initially treated DAPI (Advanced Cell Diagnostics) for 30 sec at RT
707  and mounted with ProLong®Diamond Antifade Mountant with DAPI (Life Technologies).
708  Cells displaying a positive signal were quantified as the percentage of positive cells of the
709  total number of cells examined. Counts were performed from >50 adherent cells per
710  mosquito from randomly chosen fields using fluorescence microscopy (Nikon Eclipse 50i,
711 Nikon).

712 Phagocytosis assays

713  Phagocytosis assays were performed by injecting 69 nl of 2% green fluorescent
714  FluoSpheres (vol/vol) in 1X PBS to naive female mosquitoes (3- to 5-day old) using a
715  Nanoject Il injector (Drummond Scientific). After injection, mosquitoes were kept at 27°C
716  for 2 hours before hemolymph was perfused on a superfrost slide. To define phagocytic
717  cell populations, phagocytosis assays were paired with RNA-FISH experiments as
718 described above using LRIM15, SCRB9, and Lz RNA probes. The proportion of
719  phagocytic cells was quantified as the number of cells that had phagocytosed one or more
720 beads of the total number of cells examined that displayed a positive signal for each of
721  the respective RNA-FISH probes. Counts were performed from >50 adherent cells per
722 mosquito from randomly chosen fields using fluorescence microscopy (Nikon Eclipse 50i,
723 Nikon).
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724  Phagocyte depletion using clodronate liposomes

725  To confirm the identification of phagocytic cells from our defined immune cell clusters,
726  validation experiments were performed using clodronate liposomes (CLD) to deplete
727  phagocytic hemocytes (Kwon and Smith, 2019). Naive female mosquitoes (3- to 5-day
728 old) were injected with either 69 nl of control liposomes (LP) or CLD (Standard
729  macrophage depletion kit, Encapsula NanoSciences LLC) at 1:5 dilution in 1X PBS. At
730 24 h post-injection, hemolymph was perfused, and RNA-FISH was performed to
731  differentiate affected cell populations using RNA probes for NimB2 (C1), LRIM15 (C2),
732 and Lz (C2) as described above. Hemocytes displaying a positive signal were quantified

733 from 50 or more cells per mosquito.

734 gRT-PCR

735  Gene expression analysis using qRT-PCR was performed to validate the influence of
736  phagocyte depletion on non-phagocytic and phagocytic cells. cDNA was prepared from
737  the previous studies (Kwon and Smith, 2019) corresponding to naive adult female An.
738 gambiae treated with either control liposomes (LP) or clodronate liposomes (CLD) 24 h
739  post-treatment. Hemocyte cDNA was prepared as previously described (Kwon and Smith,
740  2019) to analyze relative gene expression of lozenge between LP and CLD treatments.
741  Specific transcripts representative of non-phagocytic and phagocytic cell populations
742 were examined by gRT-PCR using primers listed in Table S6.

743  Gene silencing by RNAI

744  RNAI experiments were performed as previously described (Kwon et al., 2017; Kwon and
745  Smith, 2019; Reynolds et al., 2020; Smith et al., 2016, 2015). T7 primers for lozenge (Lz;
746  AGAP002506) were  designed using the E-RNAi  web  application

747  (http://www.dkfz.de/signaling/e-rnai3/idseq.php) and listed in Table S7. T7 templates for
748  dsRNA synthesis were prepared from amplified cDNA from 4-day old whole naive
749  mosquitoes. PCR amplicons were purified using the DNA Clean & Concentration kit
750  (Zymo Research), and dsRNAs were synthesized using the MEGAscript RNAI kit (Life
751  Technologies). Subsequent dsRNA targeting GFP (control) or Lz was resuspended in
752  nuclease free water to 3 pg/ul after ethanol precipitation. Injections were performed in

753  three- to four-day old cold anesthetized mosquitoes by intrathoracic injection with 69 nl
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754  (~200 ng) of dsRNA per mosquito using a Nanoject Ill. The effects of gene silencing were
755  measured at 3 days post-injection in whole mosquitoes (n=15) by gRT-PCR as previously
756  described (Kwon and Smith, 2019).
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1013
1014 Figure 1. scRNA-seq of An. gambiae immune cells. (A) Graphical overview of the

1015  isolation of mosquito immune cells from naive and blood-fed mosquitoes. Following
1016  perfusion, cells were stained to enable processing by fluorescent activated cell sorting
1017  (FACS) and isolation for scRNA-seq. Resulting immune cells data were separated into 8

1018  cell clusters based on hierarchical clustering analysis (B) and visualized using a t-
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1019  Distributed Stochastic Neighbor Embedding (t-SNE) plot (C). The number of expressed

1020 genes per cluster are displayed as a boxplot (D).
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Figure 2. Comparative analysis of mosquito immune cells. (A) Marker gene
expression displayed by dot plot across cell clusters. Dot color shows levels of average
expression, while dot size represents the percentage of cells expressing the
corresponding genes in each cell cluster. (B) Violin plot of cell cycle genes (GO::0007049)
by cluster, displayed as the difference in average gene expression levels between the

cell cycle gene set and random control genes. Positive numbers indicate higher levsl of
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cell cycle gene expression compared to the random set for that cluster. (C) Gene ontology
(GO) analysis of genes expressed in >80% cells within each respective cluster. Heat
maps of candidate genes to Drosophila hemocyte orthologs (D), described mosquito
hemocyte genes (E), or An. gambiae prophenoloxidases (PPOs) (F) to enable the
characterization of immune cells form each cell cluster. (G) From these analysis, immune
cells cluster were assigned to tentative cell types (prohemocytes, granulocytes,
oenocytoids) based on the expression subtype specific marker expression. Genes in bold

are featured prominently in our downstream analysis.

40


https://doi.org/10.1101/2020.07.11.197939
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.11.197939; this version posted January 1, 2021. The copyright holder for this preprint
(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
available under aCC-BY-NC-ND 4.0 International license.

A NimB2 (AGAP029054) B LRIM15 (AGAP007045)
NimB2 20+ . 15
£ 0] E
S DAPI 2 sl & = 3
© o 159 o o
»n ] Q 5 10
= K] s o 8
S0 &
= E o g E Y i %
= 8 % e @© g 5| %
D ; 51 A o
: g = g .
0 —_— 0 e B e T e
2 3 4 5 6 7 8 2 3 4 5 6 7 8
Clusters Clusters
C SCRBY (AGAP004846) D 100+ E
== 100
Ec 154 K] 80 " = o
=1 DAPI s $ o
= o c = )
3 i g 60 5 60
o 5 2 8
(= g o3 T 404 > .0
o 5 51 v ol £
S = -- S 20 5
E g |I » 40 S 20
B
0-LrEnr ST ; . o
2 3 4 §: 6 7 8 0 T T
NimB2* LRIM15* SCRB9* LRIM15*  SCRB9*
Clusters i 2 -
n=21 n=22 n=33 n=8 n=10
F. L 2 1004 - Hs: CLD-treated
) 7]
%]
§ 3 1n 801 s
° ~— a -
: Sw ; |
L & 509 =
s2 T S 210 ==
% g 404 % *k
£1 i Q05 Kk T *k
~ NimB2 £ 2/ 2
s — g = ==
0 r T k] )
. - S ol & 0o : T : . : .
LRIM15 LRIM15 * LP cLD LP  NimB2 LRIM15 LRIM16A SCRB9 SCRB3 PPO1

n=7 n=7
Uni. 7 Gran. @ Oeno.
1036 i*?

1037  Figure 3. Definition of mosquito immune cell subtypes. RNA-FISH and gene
1038  expression profiles across cell clusters for the “universal” marker, NimB2 (A), the
1039  “granulocyte” marker, LRIM15 (B), and “oenocytoid” marker, SCRB9 (C). The percentage
1040 of adherent cells following fixation was evaluated for each of the respective NimB2,
1041  LRIM15, and SCRB9 markers in four or more independent replicates (D). To determine
1042  the phagocytic ability of granulocytes and oenocytoids, the uptake of fluorescent beads
1043  was evaluated in either LRIM15" or SCRB9" cells in two independent replicates (E).
1044  LRIM15* cells display a higher phagocytic index (# beads engulfed per cell) than LRIM15
1045 cell populations (F). Data were analyzed using a Mann-Whitney test, with bars
1046  representing mean * SE of two independent replicates. The phagocytic ability of LRIM15*
1047  cells was further validated by examining the abundance of NimB2*/LRIM15* cells by
1048  RNA-FISH following perfusion after treatment with control (LP)- or clodronate (CLD)
1049 liposomes that deplete phagocytic cells (G). Data were analyzed using a Mann—-Whitney
1050 test. Bars represent mean = SE of two independent replicates. Additional validation of

1051  clodronate (CLD) depletion of phagocytic cells was performed by gRT-PCR using primers
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for universal (uni.), granulocyte (gran.), and oenocytoid (oeno.) cell markers. Data were
analyzed using an unpaired t test to determine differences in relative gene expression
between LP and CLD treatments. Bars represent mean + SE of three independent
replications (H). Asterisks denote significance (**P < 0.01, **P < 0.001). Scale bar, 10

gm.
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Figure 4. Lineage analysis of mosquito immune cells. Using Monocle3, mosquito
immune cells were visualized by UMAP to reveal two distinct lineages in pseudotime (A)
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analysis, gene expression, and other functional assays, our data support the following
model of immune cell development and differentiation where prohemocytes serve as
precursors for the granulocyte and oenocytoid lineages (C). Each cell type is labeled with
the corresponding cell cluster described in our analysis. Figure was created with

BioRender.com.
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1067 Figure 5. Lozenge promotes oenocytoid differentiation. RNA-FISH and gene
1068  expression profiles across cell clusters for lozenge (Lz) (A). Scale bar, 10 ym. The
1069 percentage of adherent Lz*/NimB2* or Lz/NimB2* cells were examined in naive adult
1070 female mosquitoes to estimate cell abundance (B). Data were collected from two
1071  independent experiments. To more closely examine the population of Lz+ cells, RNA-
1072  FISH experiments were performed double staining for Lz and the oenocytoid marker,
1073  SCRB9 (C). The percentage of fixed cells positive for one, both, or neither marker is
1074 displayed with representative images. Data are summarized from two independent

1075  experiments. To determine the effects of Lz on immune cell populations, the abundance
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1076 of LRIM157/SCRB9 (granulocyte) and LRIM15/SCRB9*" (oenocytoid) cells were
1077  evaluated by RNA-FISH after GFP (control)- or Lz-silencing (D). Data represent the mean
1078  * SE of three independent replicates. Significance was determined using Mann-Whitney
1079  analysis and is denoted by an asterisk (*P < 0.05); ns, not significant. Since Lz expression
1080  has previously been associated with prophenoloxidase (PPO) expression, the expression
1081  of all 8 genes identified in our sScRNA-seq analysis were examined by gqRT-PCR in GFP
1082  (control) - Lz-silenced mosquitoes (E). Data represent the mean + SE of three or more
1083  independent replicates and were analyzed by a One-way ANOVA and Holm-Sidak’s
1084  multiple comparison test using GraphPad Prism 6.0. Asterisks denote significance (***P <
1085  0.001). (F) Summary of Lz-silencing experiments which display a reduction in oenocytoid
1086 numbers and a specific sub-set of PPO gene expression which support that Lz is integral

1087  to the differentiation of the mosquito oenocytoid lineage.
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