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Evaluation of inflammatory skin infiltrate following Aedes
aegypti bites in sensitized and non-sensitized mice reveals
saliva-dependent and immune-dependent phenotypes
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Introduction

Mosquitoes are insects that belong to the order Diptera,
family Culicidae, and include approximately 3500 species

Summary

During probing and blood feeding, haematophagous mosquitoes inoculate
a mixture of salivary molecules into their vertebrate hosts’ skin. In addi-
tion to the anti-haemostatic and immunomodulatory activities, mosquito
saliva also triggers acute inflammatory reactions, especially in sensitized
hosts. Here, we characterize the oedema and the cellular infiltrate follow-
ing Aedes aegypti mosquito bites in the skin of sensitized and non-sensi-
tized BALB/c mice by flow cytometry. Ae. aegypti bites induced an
increased oedema in the ears of both non-sensitized and salivary gland
extract- (SGE-)sensitized mice, peaking at 6 hr and 24 hr after exposure,
respectively. The quantification of the total cell number in the ears
revealed that the cellular recruitment was more robust in SGE-sensitized
mice than in non-sensitized mice, and the histological evaluation con-
firmed these findings. The immunophenotyping performed by flow cytom-
etry revealed that mosquito bites were able to produce complex changes
in cell populations present in the ears of non-sensitized and SGE-sensi-
tized mice. When compared with steady-state ears, the leucocyte popula-
tions significantly recruited to the skin after mosquito bites in non-
sensitized and sensitized mice were eosinophils, neutrophils, monocytes,
inflammatory monocytes, mast cells, B-cells and CD4" T-cells, each one
with its specific kinetics. The changes in the absolute number of cells sug-
gested two cell recruitment profiles: (i) a saliva-dependent migration; and
(ii) a migration dependent on the immune status of the host. These find-
ings suggest that mosquito bites influence the skin microenvironment by
inducing differential cell migration, which is dependent on the degree of
host sensitization to salivary molecules.

Keywords: Aedes aegypti; eosinophils; IL-5; inflammation; mosquito bites;
saliva.

worldwide of which three genera are clinically relevant
to humans: Anopheles, Culex and Aedes.'™ Aedes aegypti
(Linnaeus, 1762) is a cosmopolitan mosquito species
originated from the Old World, and currently found in

Abbreviations: i.p., intraperitoneal; PBS, phosphate-buffered saline; SGE, salivary gland extract; t-SNE, #-distributed stochastic

neighbour embedding
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tropical and subtropical regions, having been introduced
in the Americas by sailing ships from Africa.*> In this
context, Ae. aegypti is known to be the primary vector
of arboviruses that cause emerging and re-emerging dis-
eases, such as yellow fever, dengue, chikungunya and
Zika.o !

Both male and female Ae. aegypti need sugar, acquired
mainly from nectar, which serves as a source of energy
for flight and basal metabolism. However, this kind of
meal contributes little to fertility;'> therefore, blood feed-
ing performed by females is important for the ovary mat-
uration and eggs development.”'? In order to successfully
feed, mosquitoes need to locate the blood vessels in the
vertebrate skin through a process known as ‘probing’ and
often make several attempts by changing the bite site.
Once the blood vessel is located, feeding can occur in the
lacerated vessel or in the haematoma around it."* Hence,
the first challenge faced by the mosquito after the physical
disruption of the skin is haemostasis, a complex and
redundant system that includes coagulation, platelet
aggregation and vasoconstriction that quickly inhibits
blood ingestion by the mosquito. Nevertheless, during the
evolutionary process with their vertebrate hosts, Ae.
aegypti have developed a salivary cocktail with anticoagu-
lant, antiplatelet and vasodilator components that neu-
tralize the effects of host haemostasis, making the blood
feeding possible.'>°

During the probing and blood feeding, this salivary
gland secretion is deposited in the host tissue. Thus, in
addition to the trauma caused by the insertion of the
mosquito mouthparts into the skin, a cutaneous reaction
to mosquito bites may occur due to effects of saliva inoc-
ulation.”’ The initial studies showing the differences in
the cutaneous reactions to mosquito bites among individ-
uals were published almost a century ago,””*> and the
first works describing the immunological nature of skin
reactions to mosquito bites were published in the follow-
ing decades.”**® Furthermore, Hudson eral. (1960)
demonstrated that mosquitoes that had their salivary
glands ducts cut were still able to probe and acquire a
blood meal but, despite the mechanical damage observed
in these cases, no cutaneous reactions were observed,
reinforcing the essential role of mosquito saliva for the
development of skin reactions.”’

The typical course of sensitization to mosquito bites
and its association with skin macroscopic reactions is well
established, 4?8 although unusual extreme reactions are
also described.”*' The cutaneous cellular infiltrate fol-
lowing mosquito bites has been evidenced by classical
studies in humans and other species using histopathology
and immunohistochemistry techniques. So far, very few
works have characterized in detail the skin inflammatory
profile following Ae. aegypti bites over time or in hosts
with different immunological history of mosquito expo-

sure.””*  The literature also lacks contemporary
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approaches to assess this subject. Thus, the aim of the
present study was to evaluate the kinetics of oedema and
leucocyte recruitment in the ears of mice after Ae. aegypti
bites. Flow cytometry was used as a tool for quantitative
and qualitative immunophenotyping analyses of the cellu-
lar infiltrate of non-sensitized and salivary gland extract-
(SGE-)sensitized mice.

Materials and methods

Mice

BALB/c mice (female, 6-12 weeks old) were bred and
maintained at the Isogenic Breeding Unit (Department
of Immunology, Institute of Biomedical Sciences, Univer-
sity of Sao Paulo, Brazil) under specific pathogen-free
conditions. For the experiments, animals were divided
into groups containing three—eight mice. All experiments
involving laboratory animals were evaluated and
approved by the Institutional Animal Care and Use
Committee from the Institute of Biomedical Sciences,
University of Sao Paulo, under the protocol number
121/2014. All procedures were in accordance with the
Brazilian National Law number 11,794, Decree 6,899 and
normative resolutions from the Conselho Nacional de
Controle de Experimentagao Animal (CONCEA), the
federal agency that regulates all research activities involv-
ing animal use in the country. None of the animals used
in the present work became ill or died prior to the
experimental endpoint.

Mosquitoes and SGE

Aedes aegypti mosquitoes (male and female) were bred in
an insectary at the Department of Parasitology, ICB/USP,
Brazil, where they were fed and mated as previously
described.”® Five- to eight-day-old female adult mosqui-
toes were used for the experimental mice sensitization
and SGE preparation as described.*

Mice sensitization with SGE and challenge by mosquito
bites

Animals were sensitized by intraperitoneal (i.p.) inocula-
tion of SGE [5 pg/animal, once a day, diluted in 0-5 ml
phosphate-buffered saline (PBS)] for 5 consecutive days.
After 30 days of the first inoculation animals were anaes-
thetized, and the dorsal region of each ear was exposed
to five adult female Ae. aegypti for 30 min. To do that,
mosquitoes were placed inside a cylindrical plastic con-
tainer (5 cm diameter) covered with tulle fabric, accord-
ing to the methodology adapted from Barros et al.”’ A
tape protected the tulle fabric region where the head of
the anaesthetized animals was placed, so that only the
ears were exposed to the mosquitoes (Fig. 1a). A control
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Figure 1. Kinetics of the skin oedema, cell counts and histological evaluation of the ear of non-sensitized and salivary gland extract (SGE)-sensi-
tized mice after exposure to Aedes aegypti bites. (a) Experimental protocol: BALB/c mice were inoculated with phosphate-buffered saline (PBS;
0-5 ml/animal, once a day) or sensitized with intraperitoneal (i.p.) injection of SGE (5 pg/animal, once a day, in 0-5 ml of PBS) for 5 consecutive
days. Thirty days after the first inoculation, each ear was exposed to the bites of five female mosquitoes. The oedema was evaluated after 2, 6, 24,
48 and 72 hr, and the ears were collected after 6 and 24 hr for histological analysis and flow cytometry. (b) The kinetics of oedema was deter-
mined as the ‘A ear thickness’, representing the difference between measurements of the ear thickness after and before exposure in millimetres.
(c) The number of total leucocytes in the ear was obtained by multiplying the total number of cells in the ear with the percentage of CD45"
events. The average number of cells in the steady-state condition is shown as a dotted line. (d) The number of mosquitoes that fed on each
mouse and (e) the blood volume ingested by individual mosquitoes is presented. (f-h) Ears were processed as described, embedded in paraffin
and transversal sections of ~5 pm were stained with haematoxylin and eosin (100 and 400 x): (f) steady-state condition; (g) PBS-treated group
exposed to mosquito bites; (h) SGE-sensitized group exposed to mosquito bites. *p < 0-05 versus PBS group.

group received PBS i.p. for 5 consecutive days (0-5 ml/ neither inoculated nor exposed to mosquitoes was
animal, once a day) and was subjected to the same pro- included in some experiments to represent the steady-
tocol of mosquito bite exposure. A group of naive mice state condition.
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Time course of oedema and histological evaluation of the
ear following the Aedes aegypti bites

Thirty days after the first PBS or SGE inoculation, the
animals had their ears exposed to Ae. aegypti bites as
described earlier. The ear thickness was manually mea-
sured with a precision caliper (Mitutoyo 7301, Kawasaki,
Kanagawa, Japan) after 2, 6, 24, 48 and 72 hr of expo-
sure. The results are expressed as the ‘A ear thickness’,
representing the difference between measurement of the
ear thickness after and before exposure in millimetres.
The ears of mice (sensitized or not with SGE) exposed
to mosquito bites were removed and immersed in 10%
phosphate-buffered formalin for 24 hr, transferred to
ethanol gradient for 30 min each gradient, following
xylene for 30 min, and then embedded in paraffin. Tissue
transversal sections of 5 um were stained with haema-
toxylin and eosin, and evaluated by optical microscopy.

Evaluation of the blood-feeding performance and volume
ingested by Aedes aegypti

After exposure, the plastic containers having the mosquitoes
were placed at —20° for 30 min, and an estimation of the
blood volume ingested by each mosquito was performed as
described.”® Briefly, dead mosquitoes were individually
placed in microcentrifuge tubes (Axygen, Union City, CA),
grinded with plastic pestles in 250 pl of distilled water and
centrifuged for 5 min/300 g. In parallel, 20 pl of blood
from each mouse was collected, diluted to 500 pl of dis-
tilled water and a serial dilution was performed (1:2 ratio)
also in distilled water. Two-hundred microlitres of blood
dilutions and of debris-free supernatants from mosquito
homogenates were transferred to 96-well plates and the
absorbance was evaluated at 540 nm. Homogenates of non-
fed female mosquitoes were used as the assay’s blank. A lin-
ear regression was produced by using the optical density
values from blood dilutions and used as a ‘standard curve’
to estimate the blood ingested by each mosquito. The
detection limit of this assay was 0-5 ul of blood. Based on
these data, the number of mosquitoes that effectively fed on
each mouse was also calculated.

Characterization of skin cellular infiltrate by flow cytom-
etry

In another set of experiments, the ears of the animals
exposed to mosquitoes (previously sensitized or not with
SGE) were removed at 6 and 24 hr after exposure, and
processed for cell phenotyping by flow cytometry. Naive
mice ears (not sensitized and not exposed to mosquito
bites) were included as a steady-state group. The ears
were separated into ventral and dorsal dermal sheets, and
cut into small fragments. To separate the cells from tis-
sues, each pool of fragments was digested in a PBS

50

solution containing 10% inactivated fetal bovine serum,
10 mg/ml collagenase Type IV (Sigma-Aldrich/Merck
KGaA, Darmstadt, Germany), 1 mg/ml deoxyribonuclease
I (DNase I; Sigma-Aldrich, St Louis, MO) and incubated
for 40 min at 37° with agitation at 1250 rpm in a ther-
momixer (Eppendorf ThermoMixer®, Hamburg, Ger-
many). After the incubation, the dermal sheets were
separated from the epidermis, and the suspensions con-
taining cells and ear fragments were pressed through a
cell strainer (40 pm pore) with a syringe plunger.’® The
resulting suspension was centrifuged at 400 g for 5 min,
the supernatant was removed, and the cells were resus-
pended in 1 ml of flow cytometry buffer (PBS containing
1% fetal bovine serum) with anti-mouse CD16/CD32
antibody (clone 2-4G2 — Bioxcell, West Lebanon, NH) to
block Fc receptors.

After counting, the same number of cells from each
animal was transferred to polypropylene tubes (12 X
75 mm) and incubated for 30 min at 4° in the dark with
the following fluorescence-conjugated antibodies for cell
surface markers. The ‘myeloid’ panel was anti-CD45
(clone 30-F11 — Biolegend, San Diego, CA), anti-CD11b
(clone M10/70 — Biolegend), anti-CD11c (clone N418 —
Biolegend), anti-Ly6C (clone HK1-4 — Biolegend), anti-
Ly6G (clone 1A8 — BD Biosciences, San Jose, CA), anti-
MHC class II (I-A/I-E; clone M5/114-15-2 — Biolegend),
anti-CD64 (clone X54-5/7-1 — Biolegend), anti-CCR2
(clone 475301 — R&D Systems, Minneapolis, MN), anti-
Siglec-F (clone E50-2440 — BD Biosciences), anti-CD117
(c-Kit; clone: 2B8 — BD Biosciences) and anti-FceRI
(clone: MAR-1 — BD Biosciences), used to characterize
the following populations: eosinophils, neutrophils,
monocytes, inflammatory monocytes, macrophages, den-
dritic cells and mast cells as described in Fig. S1. The
‘lymphoid’ panel was anti-CD19 (clone: 1D3 — BD Bio-
sciences), anti-CD3 (clone: 145-2C11 — BD Biosciences),
anti-CD4 (clone: RM4-5 — BD Biosciences), anti-CD8
(clone: 53-6-7 — BD Biosciences), used to characterize B-
cells, CD4" T-cells (T helper cells), CD8" T-cells (cyto-
toxic T-cells) and other T-cells (non-CD4/non-CD8") as
described in Fig. S2. After further washing, cells were
resuspended in flow cytometry buffer and acquired by a
FACSCanto II flow cytometer or a LSRFortessa X-20 (BD
Biosciences, Franklin Lakes, NJ). Data were analysed
using the FlowJo software, version 10.5.3 (Tree Star, Ash-
land, OR) for calculating cell frequency, dimensionality
reduction and visualization by t-distributed stochastic
neighbour embedding (t-SNE).

IL-5 determination

Six and twenty-four hours after mosquito exposure, mice
were deeply anaesthetized and blood samples were col-
lected through cardiac puncture before the removal of the
ear. Serum was separated and stored at —80° until use
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for cytokine determination. The levels of IL-5 were
assayed by OptEIA™ ELISA sets (BD Biosciences, San
Diego, CA), according to the manufacturers’ recommen-
dations. Values were expressed as pg/ml deduced from
standard curves of recombinant IL-5 cytokine ran in par-
allel (detection limit 15-6 pg/ml).

Statistical analysis

Statistical analysis of differences between means of experi-
mental groups was performed using Student’s #-test or
analysis of variance (ANOVA) followed by Tukey as a
post-test, with minimum established significance in
p <0-05. All statistical analyses were performed by
GraphPad Instat (GraphPad Software, La Jolla, CA).

Results

Aedes aegypti bites induce skin oedema and
inflammation in the ear of sensitized and non-
sensitized mice

As depicted in Fig. la, the oedema and the cell infiltrate
induced in the ears by mosquito bites were evaluated in
SGE-sensitized mice (‘SGE’ group) and compared with
non-sensitized mice inoculated with PBS only (‘PBS’
group). The kinetics of oedema revealed increasing ear
thickness throughout the evaluation, peaking at 6 hr in
the PBS group and 24 hr in the SGE group (Fig. 1b).
While no significant differences between the groups were
observed at 2 hr and 6 hr after the bites, the ear thickness
was significantly greater in mice of the SGE group when
compared with the PBS group at later time points (0-25
£ 0-10 mm versus 0-10 £ 0-06 mm at 24 hr: p < 0-01;
0-22 4+ 0-08 mm versus 0-09 £+ 0-07 mm at 48 hr: p <
0-01; 0-14 £ 0-07 mm versus 0-05 £ 0-04 mm at 72 hr: p
< 0-01, respectively).

The peaks of ear’s oedema for the PBS and the SGE
groups (6 hr and 24 hr after exposure to mosquitos,
respectively) were chosen for quantitative evaluations. At
both time points, the number of cells in the ears of the
PBS group was similar to those found in steady-state ears.
For the SGE group, no differences in the total cell num-
ber in the ears were observed after 6 hr of mosquito
exposure, while after 24 hr the number was higher than
that observed in the ears of the control group (Fig. 1c).
To confirm whether the exposure to mosquito bites was
similar in both groups, the number of mosquitoes that
fed in each mouse (Fig. 1d) and the volume of blood
ingested by each mosquito (Fig. 1d) was quantified, and
no differences among the groups were found.

Next, we evaluated the histology of ear sections after
24 hr of mosquito exposure. Compared with the ear of
naive mice (‘Steady-state’ — Fig. 1f), there was a slight
inflammatory infiltrate in the dermal layer ear of mice

© 2019 John Wiley & Sons Ltd, Immunology, 158, 47-59
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from the PBS group upon mosquito exposure (Fig. 1g).
On the other hand, the ear of the SGE group presented a
significant increase in the inflammatory infiltrate and
hyperplasia in the dermal layer following mosquito bites
when compared with the other groups (Fig. 1h).

Aedes aegypti bites induce differential recruitment of
myeloid and lymphoid cells to the ears of sensitized
and non-sensitized mice

The inflammatory cell infiltrate in the ears was character-
ized after 6 hr and 24 hr of mosquito exposure by flow
cytometry. The cell surface markers chosen for the mye-
loid panel are described in Materials and methods, and
the gating strategy performed on CD45" live cells to char-
acterize each cell population is presented in Fig. S1. The
markers employed allowed us to identify seven major
populations of myeloid cells as follows: eosinophils, neu-
trophils, monocytes, inflammatory monocytes, macro-
phages, dendritic cells and mast cells. To summarize the
complexity of the myeloid composition in a two-dimen-
sional manner and display the proportion of each cell
population related to the total (100%), a t-SNE map of
the above-described populations was produced, according
to the combination of markers expressed by each popula-
tion (Fig. 2a). The whole data representing the propor-
tion of each cell type are displayed in Fig. S3.

Compared with the steady-state condition (mice not
exposed to mosquito bites), the absolute number of eosi-
nophils remained about the same in the ears of the PBS
group after 6 hr and 24 hr of mosquito exposure, while
the ears of the SGE group presented a slight, non-signifi-
cant increase after 6 hr and a significant increase after
24 hr of mosquito exposure (Fig. 2b). Neutrophils were
virtually absent in the steady-state ears and increased in
all experimental groups without differences among them
(Fig. 2¢). Regarding monocytes, their absolute number
was similarly higher in the ears of both PBS and SGE
groups after 6 hr of mosquito exposure, although the
increase was not statistically significant. After 24 hr of
mosquito exposure, the increase of monocytes was signifi-
cantly more intense, but without statistical differences
between PBS and SGE groups (Fig. 2d). Inflammatory
monocytes were present in similar numbers of steady-
state ears after 6 hr of exposure. After 24 hr, an increase
in the inflammatory monocytes was observed in the ears
of the PBS group, but not of the SGE group (Fig. 2e).
Recruitment of macrophages and dendritic cells presented
a very similar kinetics over time; when compared with
steady-state ears, the absolute numbers of these cells in
the ears of both exposed groups after 6 hr did not signifi-
cantly change. However, after 24 hr less macrophages and
dendritic cells were present in the ear of both mosquito-
exposed groups (Fig. 2f,g, respectively). The ears of the
PBS group after 6 hr or 24 hr of mosquito exposure
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Definition of populations and surface markers
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Figure 2. Immunophenotyping of the myeloid infiltrate in the ear of non-sensitized and salivary gland extract (SGE)-sensitized mice after expo-
sure to Aedes aegypti bites. BALB/c mice were inoculated with phosphate-buffered saline (‘PBS’ group) or sensitized with SGE (‘SGE’ group) fol-
lowed by exposure of each ear to the bites of five female mosquitoes, as described in Materials and methods. The ears were collected after 6 and
24 hr, and analysed by flow cytometry. The ears of naive mice were included as a reference to the steady-state condition. (a) t-Distributed
stochastic neighbour embedding (t-SNE) map and markers were used to characterize each cell population as follows: (b) eosinophils; (c) neu-
trophils; (d) monocytes; (e) inflammatory monocytes; (f) macrophages; (g) dendritic cells; (h) mast cells; (i) non-myeloid cells. *p < 0-05 versus
steady-state condition; “p < 0-05 versus respective PBS group; ¥p < 0-05 versus respective group after 6 hr.

presented a similar number of mast cells to those found steady-state ears after 24 hr in the SGE group (Fig. 2h).
in steady-state ears. On the other hand, these cells were The remaining cells, considered as non-myeloid cells
significantly increased after 6 hr, returning to the level of because of the lack of CD11b and excluding double-
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positive cells for FceRI and c-Kit (mast cell markers),
were present in similar numbers in the ears of PBS and
SGE groups and at both time points when compared with
ears of the steady-state group (Fig. 2i).

The cell surface markers chosen for the lymphoid panel
are described in Materials and methods, and the gating
strategy performed on CD45" cells to characterize each
cell population is presented in Fig. S2. The markers
employed allowed us to identify four populations of lym-
phoid cells as follows: B-cells, CD4" T-cells, CD8" T-cells
and a population of CD3"CD4 CD8 cells, depicted as
‘other T-cells’. The complexity and the total number of
lymphoid cells in the ear were much inferior than those
for myeloid populations. Because of that, the t-SNE map
produced in this case did not include myeloid popula-
tions that would overshadow the analysis (Fig. 3a).
Therefore, the proportion presented in the t-SNE map
and in Fig. S4 only reflects the lymphoid populations.

Inflammatory skin infiltrate following mosquito bites

Regarding CD4" T-cells, their numbers were similar
among steady-state ears and both mosquito-exposed
groups (PBS and SGE) after 6 hr. After 24 hr, the ears of
the SGE group presented higher numbers of T helper cells
than the PBS group or steady-state ears (Fig. 3b). Very
few numbers of CD8" T-cells were detected in the ears
throughout the experiment, and no significant differences
were observed when comparing the number of these cells
between the exposed groups and the steady-state condi-
tion (Fig. 3c). The other T-cells detected in our evalua-
tion were present in lower amounts in the ears of both
exposed groups after 6 hr when compared with the
steady-state ears. After 24 hr, the ears of the PBS group
still presented lower numbers of these cells, while the
SGE group presented similar numbers of the steady-state
condition (Fig. 3d). After 6 hr of mosquito exposure, the
ears of both PBS and SGE groups presented a very low
and comparable number of B-cells, similar to that found

(a) Definition of populations and surface markers
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Figure 3. Immunophenotyping of the lymphoid infiltrate in the ear of non-sensitized and salivary gland extract (SGE)-sensitized mice after expo-

sure to Aedes aegypti bites. BALB/c mice were inoculated with phosphate-buffered saline (‘PBS’ group) or sensitized with SGE (‘SGE’ group) fol-

lowed by exposure of each ear to the bites of five female mosquitoes, as described in Materials and methods. The ears were collected after 6 and

24 hr, and analysed by flow cytometry. The ears of naive mice were included as a reference to the steady-state condition. (a) t-Distributed stochastic

neighbour embedding (t-SNE) map and markers were used to characterize each cell population as follows: (b) CD4" T-cells; (c) CD8" T-cells; (d)

other T-cells; (e) B-cells; *p < 0-05 versus steady-state condition; “p < 0-05 versus respective PBS group; ¥p < 0-05 versus respective group after 6 hr.
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in the steady-state ears. Otherwise, the ears of both
exposed groups presented a significant and intense
increase of B-cells after 24 hr (Fig. 3e).

Figure 4 presents a summary of the differences
observed for myeloid and lymphoid cell populations in
the ears of non-sensitized and SGE-sensitized mice after
6 hr and 24 hr, comparing their absolute numbers with
steady-state ears. The comparison did not take into
account statistical significance, but the proportion of
increase/decrease in the absolute number of each cell
population. A two- to fourfold increase was represented
by one arrow up; four- to eightfold increase, two arrows
up; more than eightfold increase, three arrows up. On the
contrary, a decrease of more than half-fold was repre-
sented by one arrow down. An increase of up to 1-9-fold
and a decrease of less than half-fold in the absolute num-
ber of the cells were considered as similar to the steady-
state condition (=). Based on these parameters, two
inflammatory profiles were evidenced. The first profile

seems to be dependent on the presence of Ae. aegypti sal-
iva per se, but independent of the immune status of the
mice (sensitized or non-sensitized). Despite specific time
and intensity kinetics, neutrophils, monocytes, B-cells and
CD8" T-cells fit in this category. The second profile seems
to be heavily dependent on the immune status of the
mice (i.e. previous sensitization to salivary molecules);
eosinophils, mast cells and CD4" T-cells fit in this cate-

gory.

IL-5 levels in serum correlate with eosinophil
infiltration in the ears

Knowing that IL-5 is the most important cytokine
involved in terminal differentiation and proliferation of
eosinophil precursors, as well as in the activation and
accumulation of eosinophils in the blood,” the levels of
this cytokine were evaluated in the serum of naive mice
and compared with the serum of PBS and SGE groups

@@Mé&t cells
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© cos' T cells
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Figure 4. Changes on each leucocyte population in the ear of non-sensitized and salivary gland extract (SGE)-sensitized mice after exposure to
Aedes aegypti bites related to the steady-state condition. BALB/c mice were inoculated with phosphate-buffered saline (‘PBS’ group) or sensitized
with SGE (‘SGE’ group) followed by exposure of each ear to the bites of five female mosquitoes, as described in Materials and methods. The ears
were collected after 6 and 24 hr, and analysed by flow cytometry. The ears of naive mice were included as a reference to the steady-state condi-
tion. The fold-change was calculated by the ratio of the absolute number of each cell population from experimental groups and the steady-state
condition of the correspondent population: ‘1> represents two- to fourfold increase; ‘11 represents four- to eightfold increase, ‘*1” represents
more than eightfold increase; ‘V” represents more than half-fold decrease; ‘=2 represents the interval between a decrease of less than half-fold and
an increase of up to 1-9-fold in the absolute number of cells.
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following mosquito exposure. Almost undetectable levels
of IL-5 were found in the serum of steady-state mice, as
well as in the serum of the PBS and SGE groups after
6 hr of mosquito exposure. The same was observed in the
serum of the PBS group after 24 hr of exposure, while in
the serum of the SGE group, a significant increase of IL-5
was observed when compared with all previous groups
(Fig. 5).

Discussion

The skin is the primary barrier between the host and the
environment, restricting water loss, protecting against
chemical and physical insults, and preventing the entry of
microorganisms. Among many physiological functions,
the skin is recognized nowadays as an immunological
organ, and provides the first line of defense against
microbial pathogens.**** Mosquitoes, like many other
haematophagous arthropods, possess an adapted feeding
apparatus capable of breaking the skin to search for
blood. During intradermal probing to find blood vessels,
mosquitoes thrust their mouthparts repeatedly in the skin
causing local inflammation. The saliva released in the
process presents compounds with biological activities that
may sensitize the host over time, triggering further
immunological reactions in subsequent contacts.*’

The evaluation of ear thickness following Ae. aegypti
bites revealed a similar initial oedema in non-sensitized
(‘PBS’ group) and SGE-sensitized (‘SGE’ group) mice,
with a particular kinetics thereafter. In the PBS group the
peak of oedema occurred after 6 hr and decreased after-
wards, while in the SGE group the peak occurred 24 hr
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Figure 5. Exposure to Aedes aegypti bites promotes increased IL-5
levels in the serum of salivary gland extract (SGE)-sensitized mice.
BALB/c mice were inoculated with phosphate-buffered saline (‘PBS’
group) or sensitized with SGE (‘SGE’ group) followed by exposure
of each ear to the bites of five female mosquitoes, as described in
Materials and methods. Blood samples were collected from each
mouse before death, and the IL-5 levels were determined by ELISA.
*p < 0-05 versus steady-state condition; “p < 0-05 versus respective
PBS group; ¥p < 0-05 versus respective group after 6 hr.
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after exposure to Ae. aegypti. Nonetheless, after 6 hr of
exposure to mosquitos, both PBS and SGE groups pre-
sented similar cell numbers to those found in a steady-
state condition. On the other hand, after 24 hr of expo-
sure to mosquitoes, total leucocytes significantly increased
only in the ear of the SGE group when compared with a
steady-state ear. The mosquito’s blood-feeding perfor-
mance was comparable in all groups, confirming that the
general changes observed were due to differences in the
immune status of the animals. Taken together, these find-
ings suggest that the increase of ear thickness after 6 hr
of exposure was probably due to the plasmatic extravasa-
tion caused by the salivary components and not to cell
migration, whereas the oedemas found after 24 hr of
mosquito exposure in both groups were strongly corre-
lated with the cellular infiltrate in the skin. Our results
are in line with an early study evaluating skin histopatho-
logical changes following Ae. aegypti bites in humans.’ In
this work, skin biopsies at 30 min and 6 hr after mos-
quito exposure showed a stronger oedema when com-
pared with biopsies after 24 hr, but the cellular infiltrate
was more intense at 24 hr than in the initial stages.’”

The complexity of the cellular components of the skin
immune system has been revealed by the effort of many
research groups.*” These works complement classic histo-
logical studies by uncovering the molecular surface mark-
ers of skin immune cells, their origin (haematopoietic or
not) and function. Flow cytometry has been an essential
tool to accomplish these tasks, and new analysis algo-
rithms have been recently developed to cluster cytometric
data in high-dimensional space.**™ One of these algo-
rithms, called t-SNE, performs an analysis that allows the
visualization of high-dimensional data in a two-dimen-
sional representation, using colour as a third dimension
for evaluation of additional features of the cells.”® By
employing two panels of antibodies for different cell sur-
face markers combined with side-scatter and forward-
scatter parameters (Figs S1 and S2) followed by t-SNE
analysis, we were able to perform a general identification
of 10 major populations of immune cells: eosinophils,
neutrophils, monocytes, inflammatory monocytes, macro-
phages, mast cells, dendritic cells, B-cells, CD4" and
CD8" T-cells. The t-SNE derived map clearly segregated
different cell populations in space and provided the speci-
fic proportions for each cell population. These relative
proportions displayed in the t-SNE maps were mirrored
by the absolute number of cells, except for the SGE group
after 24 hr of mosquito exposure that had proportionally
more cells and, therefore, presented more intense pheno-
types compared with the other groups. The statistical
analysis showed that all these populations increased or
decreased in mosquito-exposed mice at least in one time
point evaluated when compared with the steady-state
condition. However, from a quantitative viewpoint, these
changes segregated into two different profiles: a saliva-
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dependent cell recruitment that was independent on the
host immune status; and an immune-dependent cell
recruitment that occurs only on SGE-sensitized hosts.

Regarding the cells represented by the first profile, neu-
trophils seem to be ubiquitously present in the bite site
of most arthropods evaluated so far, including mosqui-
toes,”>*! sand flies,”"” fleas,”** soft>® and hard ticks,””®
among others. However, the presence of neutrophils in
the skin following arthropod bites seems to be detrimen-
tal to the host in some cases: (i) the skin lesion created
during tick feeding is dependent on neutrophils;® (ii)
neutrophils recruited by sand fly bite capture Leishmania
major, die by apoptosis and are phagocytized by macro-
phages, acting as Trojan horses by enabling the parasite
to establish a productive infection.®® For Ae. aegypti, the
neutrophils that migrate in response to the bite are
thought to coordinate a local innate immune network
that recruits myeloid cells permissive to virus infection.®!
Interestingly, neutrophil depletion in all the above situa-
tions reverted the respective phenotype, reducing the skin
damage and collagen destruction in the case of tick infes-
tation, and the pathogen infectivity in the case of Leish-
mania and viral infection.

To our surprise, monocytes (but not inflammatory
monocytes) were another cell population indistinctly
recruited to the ear in response to mosquito bite. To our
knowledge, there is only one report in the literature regard-
ing the recruitment of monocytes (and neutrophils) to the
dermis induced by Ae. aegypti SGE. This recruitment
increases when dengue virus is inoculated, and becomes
even more intense when the mosquito SGE is administered
in the presence of enhancing antibodies against the virus.®*
For other mosquito species, the exposure of mice to Culex
pipiens induced a significant increase of monocytes and
other cell types in the blood, although the skin infiltrate
was not evaluated in the study.®> On the contrary, both
bites and SGE of Anopheles stephensi were able to reduce
the monocyte recruitment to the skin and to the lymph
nodes induced by injection of Plasmodium berghei sporo-
zoites.®* Further studies are needed to understand the phe-
notypic dynamics of monocytes—inflammatory monocytes—
macrophages in the skin following Ae. aegypti bites, and
the biological meaning of our findings.

Although in very small numbers, the presence of B-cells
in the skin inflammatory infiltrate following mosquito bite
is not entirely surprising. The antibody-independent func-
tions of these cells have been recently addressed, especially
cytokine production and effector/regulatory roles.®>*® A
growing body of evidence suggests the existence of skin-
resident B-cells, and these cells are recognized nowadays as
an important population of the cutaneous immune system,
participating in skin homeostasis and in inflammatory con-
ditions associated to infection, disease and tumours
immunoregulatory

through  proinflammatory  and

. 67 . . .
actions.” In a previous work, we described an increase of
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B-cell numbers in the bronchoalveolar lavage fluid of mice
sensitized by mosquito bites and intranasally challenged
with the mosquito SGE, but this phenotype was not
observed in the lung tissue.”” Few works have described the
presence of inflammatory B-cells in skin infiltrates follow-
ing exposure to haematophagous arthropods,®®®® while
others failed to observe a significant upregulation of these
cells upon arthropod infestation.”™”! In our knowledge,
however, this is the first report showing and quantifying B-
cells in the skin of Ae. aegypti-exposed mice.

On the cells represented by the second profile identified,
eosinophils were strongly recruited following exposure to
Ae. aegypti. In fact, eosinophils represented the cell type
that proportionally increased the most in response to mos-
quito bites in the ears of SGE-sensitized mice. The eosino-
philic inflammation has been demonstrated by
histopathology in different host species exposed to Ae.
aegypti.”>’*7> In addition, a study by Chen et al.”* showed
that natural sensitization of BALB/c mice to Ae. aegypti
mosquito lead to immediate and delayed cutaneous reac-
tions, increased IgE and IgGl levels, as well as T-cell prolif-
eration, suggesting the development of a Th2 response.
This may explain the specific presence of CD4" T-cells in
the ear of SGE-sensitized mice exposed to mosquito bites,
although the phenotype of this T-cell population remains
to be characterized. Indeed, we have already demonstrated
that mosquito bites sensitize mice towards a Th2 response;
the intranasal challenge of these mice with salivary antigens
promotes the production of IL-4, IL-5 and IL-13, and the
migration of eosinophil to their lungs. In addition, we
observed increased T-cell numbers in the bronchoalveolar
lavage fluid but not in the lung tissue of bite-sensitized
mice challenged with the mosquito SGE.”” Many other
works have shown the presence of eosinophils in the
arthropod bite site of different host species.”””° Of note,
the proportion of eosinophils and neutrophils in the skin
following bite may vary depending on the haematophagous
arthropod studied, on the vertebrate host species and on
their immune status (naive versus immune/sensitized), a
finding also observed in our study.

Mast cell degranulation is a pivotal event to immediate
and delayed hypersensitivity to mosquito bites in sensi-
tized hosts,*>®' although a direct effect of An. stephensi
saliva on these cells was also demonstrated in non-sensi-
tized hosts.®” In addition, mast cells are also involved in
neutrophil recruitment during delayed hypersensitivity
reactions,®® and the T-cell-dependent recruitment of neu-
trophils is reduced in mast cell-deficient mice,®* reinforc-
ing the role of these cells to the inflammatory
environment created by mosquito saliva. In contrast, part
of the immunomodulatory activities of An. stephensi sal-
iva in vivo seem to be dependent on mast cells.*> The
only study evaluating the direct effect of Ae. aegypti sali-
vary components on mast cell biology in vitro revealed
that the antigen-specific degranulation of these cells was
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not affected in the presence of SGE, but the release of
TNF-o was decreased under the same conditions.*® Given
the importance of mast cells on mosquito—host interac-
tions, the interplay of these cells with Ae. aegypti saliva is
recognized and it has been recently revisited in the con-
text of dengue infection.®’

A direct comparison of our findings and those of the
literature is difficult because most studies evaluating
inflammatory cells in the skin of mice and humans
exposed to Ae. aegypti bites, or inoculated with the mos-
quito SGE, focused on specific cell populations and usu-
ally in the context of viral infection. For example, the
histological analysis of the ear of naive BALB/c mice
exposed to bites of West Nile virus-infected Ae. aegypti
revealed a mild inflammation, while the ear of pre-ex-
posed mice presented an intense mononuclear and neu-
trophil infiltrate following the bites of infected
mosquitoes.*® In another study, C57BL/6 mice lacking the
IFN-o/f receptors inoculated with the dengue virus alone
or in the presence of Ae. aegypti SGE presented a modest
recruitment of inflammatory neutrophils and monocytes
to the dermis. However, under antibody-enhancing con-
ditions, the presence of SGE in the viral inoculum
increased the recruitment of these cells to the tissue.”

An important aspect to be highlighted is that while
some studies, such as the present one, evidence the proin-
flammatory nature of the salivary secretion,”’* a num-
ber of other studies describe anti-inflammatory activities
of saliva,”*”" including some molecules associated to this
phenotype.”** This apparent ambiguity concerning the
comprehension of vector saliva properties at the skin level
may reflect an evolutionary battlefield between the mos-
quito and the vertebrate host. The salivary proteins are
recognized by the cutaneous innate and adaptive immune
system, and trigger an inflammatory reaction at the skin
level (and less commonly at a systemic level) that pro-
duces the two profiles of cell recruitment discussed above.
On the other hand, mosquitoes evolved salivary molecules
that control inflammation in order to allow a successful
blood feeding, as demonstrated by the mechanisms of
action described for such salivary components. The inten-
sity of the cutaneous reactions demonstrated in experi-
mental models or in human studies reflects this arm-
wrestle dispute in which the anti-inflammatory molecules
may prevent the inflammation to become so intense that
would turn the acquisition of a blood meal virtually
impossible.

Finally, the model of skin inflammation in the ear has
been used by several research groups because it requires
small quantities of inoculi/stimuli.”””® Associated with
the flow cytometry, a powerful tool for cell phenotyping,
in addition to t-SNE maps, a modern analysis that repre-
sent highly complex interactions in a simplified display,
the present approach allowed us to partially characterize
the inflammatory infiltrate in the skin and improve our
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understanding of the cellular changes caused by Ae.
aegypti bite in non-sensitized and sensitized hosts. Further
studies will expand this universe by focusing on non-clas-
sic and scarcer cell populations, such as subpopulations
of macrophages, dendritic cells, non-classic lymphocytes
and innate lymphoid cells. Such knowledge may help to
comprehend the local microenvironment found by the
viruses transmitted by the mosquito during the blood
meal and to establish strategies to block the infection.
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Figure S1. Gating strategy for the flow cytometric anal-
ysis of myeloid populations in mouse ear.

Figure S2. Gating strategy for the flow cytometric anal-
ysis of lymphoid populations in mouse ear.

Figure S3. Relative proportion of the myeloid infiltrate
in the ear of non-sensitized and SGE-sensitized mice after
exposure to Ae. aegypti bites.

Figure S4. Relative proportion of the lymphoid infil-
trate in the ear of non-sensitized and SGE-sensitized mice
after exposure to Ae. aegypti bites.
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