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A B S T R A C T

The mosquito immune and circulatory systems are functionally integrated. During an infection, hemocytes
aggregate around the ostia (valves) of the dorsal vessel – areas of the heart called the periostial regions – where
they phagocytose live and melanized pathogens. Although periostial hemocyte aggregation is an immune re-
sponse that occurs following infection with bacteria and malaria parasites, the molecular basis of this process
remains poorly understood. Here, we show that the thioester-containing proteins, TEP1, TEP3 and TEP4 are
positive regulators of periostial hemocyte aggregation in the African malaria mosquito, Anopheles gambiae. RNAi-
based knockdown of TEP1, TEP3 and TEP4 resulted in fewer periostial hemocytes following Escherichia coli
infection, without affecting the adjacent population of non-periostial, sessile hemocytes. Moreover, knockdown
of TEP1, TEP3 and TEP4 expression resulted in reduced bacterial accumulation and melanin deposition at the
periostial regions. Finally, this study confirmed the role that TEP1 plays in reducing infection intensity in the
hemocoel. Overall, this research shows that the complement-like proteins, TEP1, TEP3 and TEP4, are positive
regulators of the functional integration between the immune and circulatory systems of mosquitoes.

1. Introduction

Bacteria, fungi and malaria parasites invade the mosquito hemocoel
(body cavity) where they face immune responses and circulatory cur-
rents (Bartholomay and Michel, 2018; Hillyer, 2016). Immune re-
sponses are primarily mediated by hemocytes (immune cells) that ei-
ther circulate with the hemolymph (blood) – called circulating
hemocytes – or remain attached to tissues – called sessile hemocytes
(Hillyer and Strand, 2014). The circulation of hemolymph is main-
tained by the bidirectional (anterograde and retrograde) contraction of
a dorsal vessel that extends the length of the body and is divided into
two contiguous segments: a heart in the abdomen and an aorta in the
thorax (Glenn et al., 2010; Sigle and Hillyer, 2018a). Hemolymph en-
ters the heart though 6 pairs of abdominal ostia (valves) and 1 pair of
thoraco-abdominal ostia, and exits back into the hemocoel via ex-
current openings located at the anterior and posterior ends of the
mosquito (Glenn et al., 2010; Sigle and Hillyer, 2018a). When patho-
gens enter the hemocoel, they circulate with the hemolymph and often
become sequestered and killed in the areas surrounding the abdominal
ostia – called the periostial regions – with this sequestration being due
to phagocytosis by a group of sessile hemocytes called periostial he-
mocytes (Hillyer et al., 2007; King and Hillyer, 2012). During the
course of an infection, additional hemocytes exit circulation and

aggregate at the periostial regions, thus amplifying this pathogen
elimination response.

Periostial hemocyte aggregation preferentially occurs around the
ostia that receive the most hemolymph flow, and is induced by Gram
(+) and Gram(–) bacteria, malaria parasites, and soluble microbial
components (King and Hillyer, 2012; Sigle and Hillyer, 2016). Perios-
tial hemocytes occupy less than 5% of the abdominal wall, yet sequester
more than 40% of pathogens present on the cuticular integument (King
and Hillyer, 2013; Sigle and Hillyer, 2018b). Periostial hemocytes also
phagocytose melanized pathogens, and presumably secrete humoral
immune factors (Sigle and Hillyer, 2016). Therefore, periostial hemo-
cyte aggregation highlights the functional integration between the im-
mune and circulatory systems of mosquitoes.

The genetic factors that regulate periostial hemocyte aggregation
remain largely unknown. Our laboratory recently showed that two
immune genes in the Nimrod gene family – Eater and Draper – influence
periostial hemocyte aggregation (Sigle and Hillyer, 2018c). However,
given the modest effects that Eater and Draper have on this process, we
hypothesized that additional genes regulate periostial hemocyte ag-
gregation. Thioester-containing proteins (TEPs) are complement-like
opsonins that bind pathogens and promote phagocytosis by hemocytes
(Levashina et al., 2001; Moita et al., 2005; Nazario-Toole and Wu,
2017). TEP1, TEP3 and TEP4 regulate the phagocytosis of Gram(+)
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and/or Gram(–) bacteria, and both TEP1 and TEP3 bind malaria
parasites and mediate their lysis and melanization (Blandin et al., 2004;
Fraiture et al., 2009; Garver et al., 2012; Levashina et al., 2001; Moita
et al., 2005; Povelones et al., 2011, 2009). The pleiotropic functions of
TEPs led us to hypothesize that they are also involved in periostial
hemocyte aggregation. Here, we show that TEP1, TEP3 and TEP4 are
positive regulators of periostial hemocyte aggregation in the African
malaria mosquito, Anopheles gambiae, and thus, are involved in the
functional integration between the immune and circulatory systems.

2. Materials and methods

2.1. Mosquito colony

Anopheles gambiae, Giles sensu stricto (G3 strain; Diptera:
Culicidae), were maintained at 27 °C and 75% relative humidity (R.H.)
under a 12 h:12 h light:dark photoperiod, as previously described
(Glenn et al., 2010). Larvae were reared in deionized water and fed a
mixture of 2.8 parts koi food and 1-part baker's yeast. Adults were
maintained in 2.4 L plastic buckets and fed 10% sucrose.

2.2. RNA extraction and cDNA synthesis

RNA was extracted and isolated from ∼10 whole-body mosquitoes
using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), and purified
using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). The con-
centration of RNA was quantified using a BioPhotometer Plus spectro-
photometer (Eppendorf AG, Hamburg, Germany), and the RNA was
treated with RQ1 RNase-free DNase (Promega, Madison, WI, USA). Up
to 5 μg of RNA was then used for cDNA synthesis by means of an Oligo
(dT)20 primer and the SuperScript III First-Strand Synthesis System for
RT-PCR (Invitrogen).

2.3. Double-stranded RNA (dsRNA) synthesis

Three mosquito-specific dsRNAs were synthesized: dsTEP1, dsTEP3
and dsTEP4. One non-mosquito dsRNA – used as a negative control –
was synthesized: dsBLA(ApR) (beta-lactamase) (Estévez-Lao and
Hillyer, 2014; Sigle and Hillyer, 2018c). To synthesize the TEP dsRNAs,
A. gambiae cDNA was subjected to PCR using gene-specific primers with
T7 promoter tags (Table S1 in Supplementary File 1). Each amplicon
was separated by agarose gel electrophoresis, excised, and purified
using Qiagen's QIAquick Gel Extraction kit (Qiagen, Valencia, CA,
USA). To increase the amount of template for dsRNA synthesis, each
amplicon was then used as template for a second PCR reaction using the
same primers. The product was purified using the QIAquick PCR Pur-
ification Kit (Qiagen, Valencia, CA, USA), and the concentration was
quantified spectrophotometrically. Up to 1 μg of the second PCR pro-
duct was used as template for dsRNA synthesis using the MEGAscript T7
Kit (Applied Biosystems). The resultant dsRNA was precipitated with
ethanol and re-suspended in phosphate-buffered saline (PBS). The
concentration of dsRNA was quantified spectrophotometrically and the
integrity of dsRNA was verified by agarose gel electrophoresis. The
same procedure was followed for dsBLA(ApR) synthesis, except that the
starting material was DNA extracted from Escherichia coli BL21(DE3)
containing the pET-46 plasmid (EMD Chemicals, Gibbstown, NJ).

2.4. RNA interference (RNAi), mosquito treatments, and bacterial rearing

Two-day-old female mosquitoes were anesthetized briefly by pla-
cing them in a Petri dish held over ice, and then injected 300 ng of
dsRNA at the thoracic anepisternal cleft using a Nanoject III
Programmable Nanoliter Injector (Drummond Scientific Company,
Broomall, PA, USA). Four days after dsRNA injection, mosquitoes were
divided into two groups: (1) not infected (left unmanipulated and
herein termed “naïve”), and (2) infected by injecting 69 nL of

tetracycline resistant, GFP-expressing E. coli (modified DH5α; GFP-E.
coli). An injury group (e.g., sham injection) was not assayed because
injury does not induce periostial hemocyte aggregation (King and
Hillyer, 2013, 2012; Sigle and Hillyer, 2016). For infections, GFP-E. coli
were grown overnight in Luria-Bertani's rich nutrient medium (LB) in a
37 °C shaking incubator (New Brunswick Scientific, Edison, NJ, USA).
The absorbance of E. coli cultures was measured spectrophotometrically
and normalized to OD600= 2 prior to injection, and absolute doses
were determined after plating in LB. Across experimental trials, the
infection dose averaged at 38,330 E. coli per mosquito.

2.5. RNAi knockdown efficiency

RNA was purified from mosquitoes that were either naïve, or had
been infected with E. coli for 4 h or 24 h. cDNA was synthesized and
used as template for real-time quantitative PCR (qPCR) using gene-
specific primers (Table S1 in Supplementary File 1) and Power SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA) on an ABI
7300 Real-Time PCR System. Relative quantification of mRNA levels
was conducted using the 2-ΔΔCT method, using the housekeeping gene
RPS7 as the reference gene (Coggins et al., 2012; Livak and Schmittgen,
2001). Three biological replicates were conducted with two technical
replicates each. The absence of genomic DNA in the cDNA preparations
was confirmed by melting curve analysis at the end of each qPCR run.

2.6. In vivo hemocyte staining and mosquito dissections

Hemocytes were stained in vivo using Vybrant CM-DiI Cell-Labeling
Solution (Invitrogen) as previously described (King and Hillyer, 2012).
Briefly, live mosquitoes were anesthetized and injected with 0.4 μl of a
solution consisting of 67 μM CM-DiI and 1.08mM Hoechst 33342 (In-
vitrogen) in PBS. Mosquitoes were incubated at 27 °C and 75% R.H. for
20min, and then fixed for 10min by injecting 16% formaldehyde into
the hemocoel. The abdomens were immersed in PBS containing 0.1%
Triton X-100, bisected along a coronal plane, and the internal organs
were removed. The dorsal abdomens – containing the heart and peri-
ostial hemocytes – were rinsed briefly in PBS and mounted between a
glass slide and a coverslip using Aqua-Poly/Mount (Polysciences;
Warrington, PA, USA).

2.7. Microscopy and image acquisition

Each dorsal abdomen was imaged under bright-field and fluores-
cence illumination on a Nikon 90i compound microscope connected to
a Nikon Digital Sight DS-Qi1 monochrome digital camera and Nikon's
Advanced Research NIS Elements software (Nikon, Tokyo, Japan). Z-
stacks were acquired using a linear encoded Z-motor. For image pre-
sentation and pixel intensity measurements, all images within a stack
were combined into a two-dimensional, focused image using the
Extended Depth of Focus (EDF) function in NIS Elements.

2.8. Quantification of hemocytes

Hemocytes were counted manually by examining all images within
a Z-stack. A cell was counted as a hemocyte if it measured 9–18 μm in
diameter and was labeled with both CM-DiI and Hoechst 33342 (Sigle
and Hillyer, 2016). A cell was counted as a periostial hemocyte if it was
adjacent to an ostium, and a cell was counted as a non-periostial, sessile
hemocyte if it was attached to the abdominal wall in an area that was
outside of the periostial regions (King and Hillyer, 2013, 2012). Peri-
ostial hemocytes were counted within abdominal segments 2–7
whereas non-periostial, sessile hemocytes were only counted on the
dorsal abdominal wall of segments 4 and 5. Hemocytes were not
counted on the aorta, the excurrent openings or the thoraco-abdominal
ostia because few hemocytes are present there, and infection does not
induce the aggregation of hemocytes at those locations (Sigle and
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Hillyer, 2018a, 2018b). Each treatment group contained a minimum of
16 mosquitoes that were assayed across 3 independent trials.

2.9. Quantification of GFP fluorescence at the periostial regions

GFP fluorescence intensity at the periostial regions was calculated
from EDF images by measuring the sum pixel intensity above a
threshold in NIS Elements (Sigle and Hillyer, 2018c, 2016). The
threshold was defined as the pixel intensity that distinguished GFP
emitted by E. coli rods (pixel intensity above the threshold) from
background fluorescence intensity (pixel intensities below the
threshold). Then, each periostial regions was delineated using the re-
gion of interest (ROI) tool, and the sum pixel intensity within each ROI
was measured. Each treatment group contained a minimum of 15
mosquitoes that were assayed across 3 independent trials.

2.10. Quantification of dark deposits at the periostial regions

Dark deposits that result from melanization were quantified from
EDF images by measuring the area of pixels with intensities below a
threshold using NIS Elements (Sigle and Hillyer, 2016). For this, images
were first examined to determine a pixel intensity that distinguished
melanized areas (pixel intensities below the threshold) from non-mel-
anized areas (pixel intensities above the threshold). Then, the area of
pixels below the melanization threshold was measured for each peri-
ostial region ROI. A minimum of 19 mosquitoes across 3 independent
trials were assayed for each treatment group.

2.11. Quantification of bacterial infection intensity

Infected mosquitoes were homogenized individually in PBS, and a
dilution of each homogenate was spread on an LB agar plate containing
tetracycline. Each plate was incubated at 37 °C overnight, and the re-
sulting colony forming units (CFUs) were screened for GFP fluorescence

on a Nikon SMZ1500 stereomicroscope and counted. The number of
CFUs was used to calculate the number of live GFP-E. coli in each
mosquito at the time of homogenization. Three independent trials were
conducted with a minimum of 24 mosquitoes in each treatment group.

2.12. Statistical analyses

Data on RNAi knockdown efficiency, as well as hemocyte, pathogen
or melanin aggregation, were analyzed by two-way ANOVA, followed
by Dunn's multiple comparison test. The dsBLA(ApR)-injected mosqui-
toes were used as the reference group. The two-way ANOVA yields
three distinct P values: (1) the dsRNA P value indicates whether
knockdown of BLA(ApR), TEP1, TEP3 or TEP4 affects the outcome, re-
gardless of infection status; (2) the infection P value indicates whether
the infection status affects the outcome, regardless of dsRNA treatment;
(3) the interaction P value indicates whether the infection status has
effects that depend on the dsRNA treatment. Data on bacterial infection
intensity in the hemocoel were transformed by log 10 to satisfy the
assumptions of ANOVA, and the transformed data were analyzed by
two-way ANOVA as described above.

3. Results

3.1. TEP1, TEP3 and TEP4 are involved in infection-induced periostial
hemocyte aggregation

To test whether TEPs are involved in periostial hemocyte aggrega-
tion, we knocked down the expression of TEP1, TEP3 and TEP4 by
RNAi, which resulted in a>71% reduction in mRNA levels relative to
the control dsBLA(ApR)-injected mosquitoes (Fig. S1 in Supplementary
File 1). Having established successful gene knockdown, we next quan-
tified the number of periostial hemocytes in dsTEP1-, dsTEP3-, dsTEP4-
and dsBLA(ApR)-injected mosquitoes that were naïve or had been in-
fected with E. coli for 4 h or 24 h (Fig. 1). We found that the number of

Fig. 1. TEP1, TEP3 and TEP4 knockdown mosquitoes
have fewer periostial hemocytes following E. coli
infection. (A–L) Fluorescence images of a single ab-
dominal segment showing periostial hemocytes
(stained red with CM-DiI) surrounding the ostia
(asterisks) in naïve mosquitoes (A–D), and mosqui-
toes at 4 h (E–H) and 24 h (I–L) post-infection. Prior
to infection, mosquitoes had been treated with
dsBLA(ApR) (A, E, I), dsTEP1 (B, F, J), dsTEP3 (C, G,
K) or dsTEP4 (D, H, L). Nuclei were stained blue with
Hoechst 33342. A, anterior; P, posterior; L, lateral.
(M) Columns show the average number of periostial
hemocytes in dsBLA(ApR)-, dsTEP1-, dsTEP3- and
dsTEP4-injected mosquitoes that were not infected or
had been infected with E. coli for 4 h or 24 h.
Whiskers mark the standard error of the mean
(S.E.M). Data were analyzed by two-way ANOVA,
followed by Dunnett's post-hoc test. Asterisks in-
dicate P < 0.05 (n.s., nonsignificant). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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periostial hemocytes in naïve mosquitoes remained unchanged re-
gardless of gene knockdown. Furthermore, at 4 h and 24 h post E. coli
infection, the dsBLA(ApR) mosquitoes had more periostial hemocytes
than their naïve counterparts, again showing that periostial hemocyte
aggregation is induced by infection. Knockdown of TEP1, TEP3 and
TEP4 also resulted in an infection-induced increase in the number of
periostial hemocytes, but this increase was significantly smaller than
when mosquitoes were treated with dsBLA(ApR). Specifically, at 4 h
post-infection, the number of periostial hemocytes was 1.3-, 1.7-, and
2.1-fold higher in TEP1, TEP3 and TEP4 knockdown mosquitoes, re-
lative to their respective naïve counterparts, which is significantly
smaller than the 3.2-fold increase observed in dsBLA(ApR)-injected
mosquitoes. This reduction in periostial hemocytes, relative to
dsBLA(ApR)-injected mosquitoes, was maintained in TEP1 and TEP3
knockdown mosquitoes at 24 h post-infection. Therefore, these data
show that knocking down the expression of TEP1, TEP3 and TEP4 does
not affect the number of periostial hemocytes in naïve mosquitoes, but
reduces the infection-induced aggregation of hemocytes at the perios-
tial regions, with the phenotype being stronger in TEP1- and TEP3-de-
pleted mosquitoes.

3.2. TEPs do not alter the spatial distribution of periostial hemocytes across
segments

Periostial hemocytes preferentially aggregate around the ostia of
abdominal segments 4, 5 and 6, which are the ostia that receive the
majority of hemolymph flow (Sigle and Hillyer, 2016). Having estab-
lished that TEPs facilitate the infection-induced aggregation of perios-
tial hemocytes, we next sought to determine whether TEPs influence
the spatial distribution of periostial hemocytes across the six periostial
regions (Fig. 2). In naïve mosquitoes, the majority of periostial hemo-
cytes were located in abdominal segments 4–7, and dsRNA treatments
did not affect the segmental distribution of periostial hemocytes (in-
teraction P= 0.4062). At 4 h post-infection, all segments had fewer
periostial hemocytes in the TEP1, TEP3 and TEP4 knockdown mosqui-
toes than in dsBLA(ApR)-injected mosquitoes, but most periostial he-
mocytes remained in abdominal segments 4–6 and there was no dif-
ference in the spatial distribution of periostial hemocytes between the
dsRNA groups. The same was true at 24 h post-infection, except that
there was an interaction between the segmental distribution of peri-
ostial hemocytes and dsRNA treatment. Visual inspection of the data
suggests that this change was due to TEP4-depleted mosquitoes dis-
playing a non-proportional increase in periostial hemocytes within
abdominal segments 4, 5 and 7. Altogether, these data show that
knocking down the expression of TEP1, TEP3 and TEP4 does not have a
meaningful effect on the spatial distribution of periostial hemocytes.

3.3. TEPs do not affect the number of sessile hemocytes outside the
periostial regions

We next tested whether TEPs influence the aggregation of sessile
hemocytes outside of the periostial regions, and did so to determine
whether the effect of TEP depletion is limited to the periostial regions.
To achieve this, we examined the same mosquitoes analyzed for Figs. 1
and 2 (the same Z-stacks), and quantified the number of non-periostial
sessile hemocytes present on the dorsal portion of abdominal segments
4 and 5. We found that infection induces a modest increase in the
number of non-periostial sessile hemocytes (Fig. 3; e.g., at 24 h post-
infection there was a 0.4-fold increase in segment 4 for naïve
dsBLA(ApR)-injected mosquitoes), but this increase is small relative to
the increase in the number of periostial hemocytes (Fig. 2; e.g., at 24 h
post-infection there was a 2.93-fold increase in segment 4 for naïve
dsBLA(ApR)-injected mosquitoes). Furthermore, the number of non-
periostial sessile hemocytes in TEP1, TEP3 and TEP4 knockdown mos-
quitoes was similar to those in dsBLA(ApR)-injected mosquitoes (Fig. 3).
Therefore, knocking down the expression of TEP1, TEP3 and TEP4 does

not affect sessile hemocytes located outside of the periostial regions.

3.4. TEPs do not play a major role in the accumulation of live bacteria at
the periostial regions

Periostial hemocytes eliminate pathogens by phagocytosis, a cel-
lular immune process that occurs within the periostial regions and
elsewhere, and results in the capture and degradation of microbes
(Hillyer and Strand, 2014; King and Hillyer, 2012). The hemocyte-
based capture of GFP-E. coli at the periostial regions results in green
fluorescence that accumulates as additional bacteria are phagocytosed,
but dissipates as the bacteria are degraded (Sigle and Hillyer, 2016).
Given that TEPs regulate periostial hemocyte aggregation, and that
TEPs are regulators of the phagocytosis response (Blandin and
Levashina, 2007; Moita et al., 2005), we next sought to assay whether
knocking down the expression of TEP1, TEP3 and TEP4 affects E. coli
accumulation at the periostial regions. To achieve this, we quantified
the fluorescence intensity of GFP-E. coli at the periostial regions of
dsTEP- and dsBLA(ApR)-injected mosquitoes at 4 h or 24 h post-infec-
tion. To our surprise, we did not detect significant differences in the
fluorescence intensity of GFP-E. coli between the TEP1, TEP3 and TEP4
knockdown and the dsBLA(ApR)-injected mosquitoes at either 4 h or
24 h post-infection (Fig. 4). However, at 4 h there was a trend for all
dsTEP groups to have less fluorescence at the periostial regions than the
dsBLA(ApR) group, providing weak evidence of overall phagocytic re-
duction in mosquitoes where TEP1, TEP3 and TEP4 had been knocked
down. Furthermore, between 4 h and 24 h post-infection the
dsBLA(ApR)- and dsTEP4-injected mosquitoes experienced significant
reductions (p < 0.05) in GFP fluorescence intensity at the periostial
regions – 68% and 55% reductions, respectively – whereas dsTEP1- and
dsTEP3-injected mosquitoes experienced smaller, nonsignificant re-
ductions (p > 0.05) of 39% and 41%, respectively. Overall, these data
suggest that TEPs are not major regulators of bacterial accumulation at
the periostial regions, although knocking down TEP1 or TEP3 results in
slower bacterial clearance at the periostial regions.

3.5. TEPs regulate melanin accumulation on the surface of the heart

Hemocytes produce and secrete the enzymes that drive the pheno-
loxidase-based enzymatic cascade that leads to the melanization of
pathogens, and when visualized by bright-field microscopy, the pro-
ducts of melanization can be seen as dark deposits (Hillyer, 2016;
League and Hillyer, 2016; Michel et al., 2005; Sigle and Hillyer, 2016;
Yassine et al., 2014). At the periostial regions, these dark deposits ap-
pear because of the phagocytosis of melanized pathogens by periostial
hemocytes (Sigle and Hillyer, 2016). Given that TEPs regulate hemo-
cyte aggregation but do not appear to play a major role in the accu-
mulation of live bacteria at the periostial regions, we tested whether
TEPs influence the accumulation of melanin at the periostial regions by
means of a microscopy-based optical density assay (Fig. 5). As expected,
melanin was absent in the periostial regions of naïve mosquitoes, re-
gardless of dsRNA treatment. Upon infection, melanin accumulated at
the periostial regions and co-localized with hemocytes, indicating the
melanin had been phagocytosed. In dsBLA(ApR)-injected mosquitoes,
by 4 h post-infection the area of the periostial regions that contained
melanin increased 19.22-fold relative to naïve mosquitoes, and by 24 h
post-infection it increased 37.5-fold (Fig. 5). But in dsTEP1-, dsTEP3-
and dsTEP4-injected mosquitoes, at 4 h post-infection the melanized
area increased only slightly – 1.68-, 4.55- and 5.79-fold, respectively,
and this modest increase was sustained at 24 h post-infection in dsTEP1-
and dsTEP3-injected mosquitoes. Therefore, this shows that knocking
down the expression of TEP1, TEP3 and TEP4 reduces melanin accu-
mulation at the periostial regions, with the phenotype being stronger in
TEP1- and TEP3-depleted mosquitoes. These data, together with the
GFP-E. coli fluorescence intensity data, suggest that TEP1 and TEP3
regulate pathogen elimination at the periostial regions.
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Fig. 2. TEPs do not meaningfully alter the spatial distribution of periostial hemocytes. Columns show the average number of periostial hemocytes at each periostial
region in abdominal segments 2–7 in dsBLA(ApR)-, dsTEP1-, dsTEP3- and dsTEP4-injected mosquitoes that were not infected, or had been infected with E. coli for 4 h
or 24 h. Whiskers mark the S.E.M. Data were analyzed by two-way ANOVA, followed by Dunnett's post-hoc test.

Fig. 3. TEPs do not affect the aggregation of sessile
hemocytes outside the periostial regions. Columns
show the average number of non-periostial sessile
hemocytes on the dorsal abdomen of segments 4
(top) and 5 (bottom) in dsBLA(ApR)-, dsTEP1-,
dsTEP3- and dsTEP4-injected mosquitoes that were
not infected, or had been infected for 4 h or 24 h.
Whiskers mark the S.E.M. Data were analyzed by
two-way ANOVA, followed by Dunnett's post-hoc test
(n.s., nonsignificant).
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3.6. TEP1 regulates the antibacterial immune response in the whole body

Having established that TEPs regulate periostial hemocyte ag-
gregation as well as the accumulation of melanin at the periostial re-
gions, we tested whether knocking down TEP1, TEP3 and TEP4 affects
the overall antibacterial immune response. For this, we used a plating
assay to measure the number of E. coli in the whole body of dsTEP- and

dsBLA(ApR)-injected mosquitoes that had been infected for 4 h or 24 h.
The bacterial intensities were similar between the dsRNA groups at 4 h
post-infection, however, at 24 h post-infection the TEP1-depleted
mosquitoes had 251% more bacteria in their hemocoel than the
dsBLA(ApR)-injected mosquitoes (Fig. 6). These data show that TEP1
depletion suppresses the systemic antibacterial response.

Fig. 4. TEPs do not play a major role in E. coli ac-
cumulation in the periostial regions. (A–H)
Fluorescence images of a single abdominal segment
showing GFP-E. coli around the ostia (asterisks) at
4 h (A–D) and 24 h (E–H) post-infection. Prior to
infection, mosquitoes had been treated with
dsBLA(ApR) (A, E), dsTEP1 (B, F), dsTEP3 (C, G) or
dsTEP4 (D, H). A: anterior; P: posterior; L: lateral. (I)
Columns show the average GFP-E. coli fluorescence
intensity in dsBLA(ApR)-, dsTEP1-, dsTEP3- and
dsTEP4-injected mosquitoes that had been infected
with E. coli for 4 h or 24 h. Whiskers mark the S.E.M.
Data were analyzed by two-way ANOVA, followed by
Dunnett's post-hoc test. Asterisks indicate P < 0.05.

Fig. 5. TEPs regulate melanin accumulation at the
periostial regions. (A–L) Bright field images of a
single abdominal segment showing melanin deposits
(black) captured by periostial hemocytes (red) sur-
rounding the ostia (asterisks) in naïve mosquitoes
(A–D), and mosquitoes at 4 h (E–H) and 24 h (I–L)
post-infection. Prior to infection, mosquitoes had
been treated with dsBLA(ApR) (A, E, I), dsTEP1 (B, F,
J), dsTEP3 (C, G, K) or dsTEP4 (D, H, L). A: anterior;
P: posterior; L: lateral. (M) Columns show the
average area with melanin deposits in dsBLA(ApR)-,
dsTEP1-, dsTEP3- and dsTEP4-injected mosquitoes
that were not infected or had been infected with E.
coli for 4 h or 24 h. Whiskers mark the S.E.M. Data
were analyzed by two-way ANOVA, followed by
Dunnett's post-hoc test. Asterisks indicate P < 0.05
(n.s., nonsignificant). (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the Web version of this article.)
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4. Discussion

The aggregation of hemocytes and pathogens on the heart of mos-
quitoes has been observed in larvae and adults – albeit differently in the
two life stages – as well as in several other insects (Da Silva et al., 2012;
Ghosh et al., 2015; Hernández-Martínez et al., 2017; League et al.,
2017, 2015; League and Hillyer, 2016; Pereira et al., 2015; Stone et al.,
2012). However, the genetic mechanisms that lead to the physiological
interaction between the immune and circulatory systems remain poorly
understood. In this study, we show that TEP1, TEP3 and TEP4 positively
regulate periostial hemocyte aggregation, and also influence the accu-
mulation of bacteria on the surface of the heart. Therefore, TEP1, TEP3
and TEP4 are positive regulators of the functional integration between
the immune and circulatory systems.

TEPs serve important roles in the immunological function of he-
mocytes. For example, TEPs are secreted by hemocytes and fat body
and bind to bacteria in the hemocoel and Plasmodium parasites in the
midgut, leading to their killing (Blandin et al., 2004; Blandin and
Levashina, 2007; Fraiture et al., 2009; Garver et al., 2012; Levashina
et al., 2001; Moita et al., 2005; Povelones et al., 2011, 2009; Severo
et al., 2018; Volohonsky et al., 2017). When TEPs bind bacteria, this
promotes phagocytosis by hemocytes via two pathways: the TEP1-
TEP3-LRP1-CED6L pathway and the TEP4-BINT2-CED2L-CED5L
pathway (Moita et al., 2005). Two downstream molecules – LRP1 and
BINT2 – are transmembrane proteins that have overlapping functions in
phagocytosis and adhesion (Mantuano et al., 2010; Moita et al., 2006).
In this study, we found evidence that TEP1, TEP3 and TEP4 regulate
another hemocyte function: the infection-induced aggregation of he-
mocytes on the surface of the heart. We propose that when a TEP binds
and opsonizes a pathogen, it activates signal transduction pathways
that activate the phagocytic and adhesive properties of hemocytes,
leading to their attachment to the periostial regions by adhesive cap-
ture. Throughout this study, we found that TEP1 and TEP3 have
stronger effects on periostial responses than TEP4. The stronger phe-
notypes associated with TEP1 and TEP3 knockdown could be because
(i) the TEP1/TEP3 signal transduction pathway has a stronger

regulatory function in periostial hemocyte aggregation, (ii) TEP1 and
TEP3 play a more prominent role in the response against E. coli, or (iii)
TEP1 and TEP3 play a more prominent role in the general immune
response. We hypothesize that the latter is most likely for two reasons.
First, although TEP1, TEP3 and TEP4 each have significant effects on
Plasmodium that depend on the specific mosquito-parasite combination,
in A. gambiae, TEP1 and TEP3 eliminate more Plasmodium berghei oo-
cysts than TEP4 (Mitri et al., 2015; Povelones et al., 2011). Second,
LRP1 – which is downstream of TEP1 and TEP3 – plays a stronger role
in phagocytosis by non-periostial, sessile hemocytes than BINT2 –
which is downstream of TEP4 (Moita et al., 2005). The similar phe-
notypes following TEP1 and TEP3 knockdown might be due to both
TEP1 and TEP3 participating in the same phagocytic pathway, which
includes LRIM1, and presumably APL1C (Mitri et al., 2015; Moita et al.,
2005; Povelones et al., 2011). Indeed, both the N- and C-termini of
TEP1 and TEP3 interact with the LRIM1/APL1C complex, while only
the N-terminal of TEP4 interact with this complex (Povelones et al.,
2011).

We also found that although TEPs regulate periostial hemocyte
aggregation, they do not play a major role in the aggregation of sessile
hemocytes in non-periostial regions. Indeed, a previous report – as well
the present study – showed that an infection induces minimal hemocyte
aggregation at non-periostial regions, relative to the intense aggrega-
tion seen on the surface of the heart (King and Hillyer, 2013). We
propose that the specific effect observed on the heart is in large part
because of circulatory currents, especially given that the periostial re-
gions experience 20 times more hemolymph flow than the rest of the
abdomen (Andereck et al., 2010; Glenn et al., 2010). Therefore, cir-
culating hemocytes flow through the periostial regions more frequently
than through any other region of the abdomen, and we hypothesize that
once activated by TEPs, hemocytes have a higher chance of attaching to
the periostial regions than elsewhere. This hypothesis is further sup-
ported by the observation that more periostial hemocytes aggregate in
the middle abdominal segments, which are the regions of the heart that
receive the most hemolymph flow (Sigle and Hillyer, 2016). Examina-
tion of images published by others also show a similar spatial dis-
tribution of hemocytes, pathogens or melanin in mosquitoes
(Hernández-Martínez et al., 2017; Lombardo et al., 2013; Michel et al.,
2005; Sigle and Hillyer, 2016; Yassine et al., 2014). However, flow
alone does not explain the specific aggregation of hemocytes on the
surface of the heart because knockdown of TEP1, TEP3 and TEP4 does
not affect non-periostial areas. Thus, other forces or factors must also be
involved.

Circulating, sessile and periostial hemocytes phagocytose both un-
melanized and melanized pathogens (Hillyer et al., 2003a, 2003b; King
and Hillyer, 2012; Sigle and Hillyer, 2016). TEP1, TEP3 and TEP4 are
known to regulate the phagocytic activity of sessile hemocytes that
reside on the lateral abdominal wall. Specifically, all three genes reg-
ulate the phagocytosis of dead E. coli and TEP1 and TEP4 also regulate
the phagocytosis of dead Staphylococcus aureus (Moita et al., 2005).
Consistent with the previous study, we found weak evidence that de-
pleting TEP1, TEP3 and TEP4 slightly impairs the accumulation of live
E. coli at the periostial regions at 4 h post-infection, and although the
precise kinetics of bacterial clearance following phagocytosis are not
known, we propose that this is due to an overall reduction in phagocytic
activity within the periostial regions. The magnitude in the reduction of
pathogen accumulation was smaller than what was observed in Moita
et al. (2005), but this may be because of the location of the body that
was assayed or the differences in the methods used. First, we used live
E. coli instead of dead E. coli particles and quantified pathogen accu-
mulation at 4 h instead of 30min post-challenge – meaning that bac-
terial replication was occurring in our study. Second, Moita et al.
(2005) quenched the fluorescence of non-phagocytosed FITC bio-
particles – which is something we were unable to do for GFP-expressing
live E. coli – and so, in our study the bacteria present on the surface of
hemocytes yielded a signal even without being phagocytosed. In

Fig. 6. TEP1 regulates the antibacterial response in the mosquito hemocoel. In
this box plot, the center line marks the median, the box shows 50% of the data,
and the whiskers delineate the range of live, tetracycline-resistant, GFP-E. coli
in the whole body of dsBLA(ApR)-, dsTEP1-, dsTEP3- and dsTEP4-injected
mosquitoes at 4 h or 24 h post-infection. For statistical analyses, bacterial in-
tensity was transformed by log 10 to conform to a normal distribution and then
analyzed by two-way ANOVA, followed by Dunnett's post-hoc test. Asterisk
indicated a significant difference at P < 0.05.
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addition to the differences in methodology, there is an alternate ex-
planation that we believe is even more likely. We have reported that
melanin masks the fluorescence emitted by GFP-E. coli (League and
Hillyer, 2016). Therefore, we hypothesize that, because mosquitoes
treated with dsBLA(ApR) have more melanin in the periostial regions
than mosquitoes treated with dsTEP1, dsTEP3 and dsTEP4, the fluor-
escence values measured for dsBLA(ApR) mosquitoes underestimate the
amount of bacteria in the periostial regions, meaning that the real
difference between dsBLA(ApR) and dsTEP1, dsTEP3 and dsTEP4
knockdown mosquitoes is larger than measured. Regardless, our finding
that depleting TEP1, TEP3 and TEP4 reduces melanin accumulation in
the periostial regions, together with evidence that (i) melanized or
partially melanized bacteria are phagocytosed by hemocytes and (ii)
uncontrolled TEP1 activation results in melanin accumulation on the
heart even in the absence of infection, supports the role of TEPs in in-
fluencing phagocytosis at the periostial regions (Hillyer et al., 2003a,
2003b; Sigle and Hillyer, 2016; Yassine et al., 2014).

Periostial hemocyte aggregation is a general immune response that
is elicited by multiple types of infection (King and Hillyer, 2012; Sigle
and Hillyer, 2016), and therefore, we hypothesize that multiple im-
mune pathways drive this process. Previously, our lab showed that two
members of the Nimrod gene family – Eater and Draper – are regulators
of periostial hemocyte aggregation (Sigle and Hillyer, 2018c). Knocking
down Eater, TEP1 and TEP3 results in a similar phenotype – fewer
periostial hemocytes – whereas knocking down Draper results in a
marginal increase in the number of periostial hemocytes. Regardless,
the phenotypes observed following TEP1, TEP3 and TEP4 knockdown
were generally stronger than the phenotypes observed following the
knockdown of Eater or Draper. TEPs are secreted proteins while Eater
and Draper are transmembrane proteins, and thus, it is likely that TEPs,
Eater and Draper occupy distinct functions in the pathways that reg-
ulate periostial hemocyte aggregation.

To successfully transmit malaria to a vertebrate host, Plasmodium
parasites must complete an obligatory migration inside the mosquito.
As part of this migration, sporozoites released from oocysts on the
midgut circulate with the hemolymph as they seek to invade the sali-
vary glands (Hillyer et al., 2007; Severo and Levashina, 2014; Smith
et al., 2014; Wang and Jacobs-Lorena, 2013). While sporozoites circu-
late with the hemolymph, only 19% invade salivary glands (Hillyer
et al., 2007). The specific mechanisms for sporozoite killing in the he-
mocoel remain largely unknown, but some are captured and killed by
the periostial hemocytes, which highlights the advantage of having
hemocytes reside in areas of high hemolymph flow (Hillyer et al., 2007;
King and Hillyer, 2012). TEP1, TEP3 and TEP4 mediate the killing of
Plasmodium in the midgut (Blandin et al., 2004; Fraiture et al., 2009;
Mitri et al., 2015; Povelones et al., 2011, 2009). We hypothesize that
TEP1, TEP3 and TEP4 have additional roles in reducing the number of
malaria parasites in mosquitoes, and propose that future studies in-
vestigate whether TEPs are involved in the periostial hemocyte-medi-
ated killing of sporozoites circulating with the hemolymph.
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