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Aedes spp. mosquitos are responsible for transmitting several viruses that pose
significant public health risks, including dengue, Zika, yellow fever, chikungunya,
and West Nile viruses. However, quantifying the number of individuals at risk and
their exposure to Aedes spp. mosquitos over time is challenging due to various
factors. Even accurate estimation of mosquito numbers at the population level
may not fully capture the fluctuations in human exposure based on factors that
affect biting rates of mosquitoes. Measuring the antibody response of humans to
mosquito salivary proteins (MSP) has been proposed as a method to assess
human exposure to mosquito bites and predict disease risk. The presence of
antibodies to MSP can be quantified using the enzyme-linked immunosorbent
assay (ELISA). While there is known variability in laboratory methods, the
consistency of MSP measurements across different research groups has not
been quantitatively examined. Variation in laboratory protocols, antigens used,
and the human populations sampled all may contribute to differences observed
in measured anti-MSP responses. In this study, we conducted a systematic
review of the published literature focusing on antibody responses to MSP in
humans and other vertebrate hosts. Whenever possible, we extracted individual-
level anti-MSP IgG data from these studies and performed a pooled analysis of
quantitative outcomes obtained from ELISAs, specifically optical densities (OD).
We analyzed the pooled data to quantify variation between studies and identify
sample and study characteristics associated with OD scores. Our candidate list of
characteristics included the type of antigen used, age of human subjects,
mosquito species, population-level mosquito exposure, collection season,
Koppen-Geiger climate classification, and OD reporting method. Our findings
revealed that the type of antigen, population-level mosquito exposure, and
Koéppen-Geiger climate classification were significantly associated with ELISA
values. Furthermore, we developed a classification algorithm based on OD
scores, which successfully distinguished samples from individuals living in
areas where a specific mosquito species was present from those where it was
not, with a high degree of accuracy. The pooled analysis we conducted provides
a harmonized assessment of ELISA testing, which can be utilized to refine the use
of antibody responses as markers for mosquito exposure. In conclusion, our
study contributes to the understanding of antibody responses to MSP and their
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utility as indicators of mosquito exposure. By identifying the factors associated
with variations in ELISA values, we have provided valuable insights for future
research and the refinement of antibody-based assessments of

mosquito exposure.
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1 Introduction

Vector-borne diseases contribute to nearly 20% of all infectious
diseases in humans (1-5). Aedes genus mosquitoes, including the
anthropophilic vectors Aedes aegypti and Ae. albopictus, are
responsible for transmitting a majority of arboviruses with high
disease burdens in humans. These arboviruses include dengue virus
(DENV), chikungunya virus (CHIKV), Yellow Fever virus (YFV),
and Zika virus (ZIKV). To assess the risk of infection in humans, it
is crucial to conduct surveillance for exposure to these vectors.

Mosquito population surveillance plays a vital role in mosquito
control and enables prompt public health responses during outbreaks
of mosquito-borne diseases (6). However, mosquito surveillance
techniques, especially in developing countries, are labor-intensive,
cumbersome, and include non-human relevant-species.
Additionally, they may introduce bias due to varying trapping
efficiencies among different species and types of traps. Aedes aegypti
and Ae. albopictus are particularly challenging to trap, requiring
specialized traps (7-11). Failure to use these specialized traps can
lead to inaccurate or underestimated data on the population of
mosquitoes present. Furthermore, trap data may not capture
mosquito bite risk of humans as biting activity of extant mosquitoes
in an area may vary from between areas or between humans. Relying
on the detection of arboviruses via trapped mosquito pools and the
reporting of symptomatic cases in the human population lacks
sensitivity (6, 12). Finally, relying solely on indices of disease in
humans is not predictive and impedes mosquito population and
disease mitigation efforts (such as vector control) since pathogen
transmission is already established at the time of case detection and
often reaches epidemic levels before the full implementation of
mitigation strategies.

An alternative for assessing genera- or species-specific exposure
to mosquito bites and disease risk is measuring antibodies to mosquito
salivary proteins (MSP). This approach allows for the evaluation of
human exposure to mosquito bites without the need for mosquito
trapping. Measure of antibody to MSP could be used overtime and
space to observe population exposure to mosquito-bites and
potentially as an indicator of arboviral disease risk. This method
could be used to assess the effectiveness of mosquito control efforts
by measuring changes in antibody levels over the course of the
implementation of interventions. Mosquito saliva contains various
proteins, including lysozymes, glycosidases, anticoagulants,
antiplatelet factors, and vasodilatory compounds, all facilitating
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successful blood meal extraction by female mosquitoes (13). Over
1200 proteins have been identified in the saliva and salivary glands of
Ae. aegypti (14). These proteins induce cellular and humoral immune
responses. Measuring the immune response through IgE and IgG to
MSP has been used to detect both hypersensitization and exposure to
mosquito bites, respectively. Initially, immunoblots were used to
investigate mosquito allergy, which affects people worldwide (15,
16). Subsequently, by 1989, ELISA (enzyme-linked immunosorbent
assay) methodology was used to identify allergens in MSP responsible
for hypersensitivity reactions (17). ELISA is currently the most
commonly used method to characterize humoral immune responses
in field and clinical studies. Since many studies have aimed to identify
antigenic/allergenic proteins, various antigens have been used in MSP
ELISAs, including whole salivary gland extracts (SGE), saliva, and
recombinant proteins.

Measurement of antibody to MSP has provided valuable insights
into mosquito bite exposure across different geographic locations,
seasons, and ecological niches (18-20). It has been explored as a
potential surrogate for exposure to mosquito-borne diseases and a
predictor of outbreaks (20-27). Studies measuring antibody to MSP
have revealed the impact of factors such as urbanization/agriculture,
season, and climate on the level of mosquito bite exposure (21, 28).
Furthermore, these measurements have been used to assess how subject
age influences the immunoglobulin response to MSP (16, 19, 20, 22, 26,
27,29-41). Additionally, due to the immunomodulatory effects of MSP,
antibody responses have been investigated for vaccine development (42).

However, there is currently a lack of comprehensive understanding
regarding the role of study design in detecting antibodies using the
ELISA platform. There is considerable variation in laboratory methods,
including the type of antigen used, assay conditions, and methods
employed to normalize optical density (OD) measurements.
Furthermore, macro-level design elements, such as the exposure
history of the studied human population, timing of surveys, and
demographic characteristics, also vary across the literature. This gap in
understanding sources of variation in measurements of antibody to MSP
limits the potential application of this technology to mosquito
surveillance. To fully assess the effect of individual subject-level and
environmental variable on anti-mosquito antibody responses, there is a
need for harmonization of antibody measurements.

Here, we present a systematic review of studies that have measured
immune responses to MSP. We provide a qualitative synthesis,
describing the major categories of research conducted and the
conclusions drawn. Additionally, we present a pooled analysis of
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human anti-MSP IgG OD, which is the typical quantitative outcome
reported in ELISA studies. We extracted quantitative data on observed
ODs from the literature and employed mixed effects regression models
to identify systematic differences between OD values.

By conducting this systematic review and pooled analysis, we
aim to contribute to a better understanding of the use of ELISAs for
measuring humoral immune responses to MSP. Our findings will
shed light on the major research trends and provide insights into
the systematic differences observed in OD values. Ultimately, this
study will help advance the field of mosquito surveillance by
informing the design of future studies and facilitating the
harmonization of antibody measurements.

2 Methods
2.1 Search and study selection

This systematic review was carried out in accordance with the
Preferred Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines (43). We conducted our search in August of
2021 and updated December 2022. Our search strategy is described
in Supplementary Data Sheet 1.

Covidence (https://www.covidence.org), a screening and data
extraction tool, was utilized to identify duplicates and allow sharing
among reviewers. Two reviewers (VE and MTL) independently
screened titles and abstracts based on the pre-defined inclusion
criteria (Supplementary Table 1). Conflicts were resolved by a third
reviewer (DATC). The predetermined eligibility criteria encompassed
included all tests used to identify the antibodies, antigens, and
cytokines relevant to Aedes spp. mosquito exposure. Studies included
those that examined IgG and/or IgE response in individuals exposed to
Aedes spp. mosquito bites, saliva, SGE, or recombinant proteins that
are a subset of MSP. Both human and non-human animals were
included, and various study designs including but not limited to non-
randomized clinical trials, cross-sectional, and correlational studies
were included. Studies performed in silico, exclusively in cell lines, and/
or in which the antigen was not explicitly identified were excluded. The
review was limited to records published in English, and only primary
research was included. An ancestry search was performed and
underwent the same review process.

2.2 Qualitative synthesis

Following the full text review, we proceeded to extract data and
identify study characteristics and components of assay protocols,
study design, and results. This included antigen type, the Aedes spp.
of mosquito being utilized, study design, and study objectives.

The antigen types employed in the studies included various
forms such as homogenized mosquito tissues containing MSP,
expectorated saliva (including individual proteins and isolated
fractions), as well as peptides and recombinant proteins derived
from MSP. Additionally, we recorded the specific species of Aedes
mosquito utilized for antigen in each study.
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2.3 Pooled analysis

We included individual level data for anti-MSP IgG in human
subjects in a pooled analysis to associate variation in anti-MSP IgG
OD results with pre-specified covariates of interest identified from
each study. To extract the individual OD scores, we utilized
WebPlotDigitizer (https://apps.automeris.io/wpd/, Pacifica CA
USA), a tool for the extraction of numeric data from various
kinds of data visuals (44) (AG and VE).

Demographic and study characteristics were included, when
available, for each data-point. Where the same OD scores were
presented multiple times with different variables in a single
manuscript (i.e. a single observation was presented in multiple
figures stratified by different covariates), the data point including
covariates of primary interest (age, season, species, antigen type)
was included in the pooled analysis and the other presentations of
the same observation were excluded. If there were multiple relevant
datasets, all datasets were included with weighting such that any
single observation contributed only one observation in analyses.

The primary variable used for inclusion was the OD scores for
human IgG (and its subtypes) to MSP generated by ELISA.

We focused on the following covariates of primary interest:

Antigen type. The antigen types included the N-term 34kD
salivary marker originally derived from Aedes aegypti (34kD
salivary protein), Ae. albopictus derived al34k2, homogenate made
from whole salivary glands/salivary gland extract (SGE), and saliva.

Age of study participants. Age was treated as a continuous
variable. In cases where specific ages of each subject were not
provided, mean or median values for a subset of participants or the
entire study population were utilized.

Aedes mosquito species. This included Ae. polynesiensis, Ae.
caspius, Ae. albopictus, and Ae. aegypti.

Population level exposure to Aedes spp. mosquitoes. Population
exposure was categorized based on the region of residence of the subjects
and the mosquito of interest. Categories included endemic (regular
presence of the Aedes spp. in the region of residence of subjects for several
years), newly endemic (recent colonization of the region of subject
residence only within the last five years), and recent [subjects moving toa
new region wherein the mosquito species of interest is endemic from a
region of no exposure (i.e. < 1 year endemic mosquito exposure)].

Collection season. The collection season was categorized as high
(during peak mosquito abundance), low (during low mosquito
abundance), rolling (samples were collected over several seasons),
and transitional (samples were collected at the beginning of a new
season). The collection season was determined either directly from
the paper or, if accessible, by examining mosquito abundance and
climate data for the specific location.

Koppen-Geiger Climate Classification (KGCC). KGCC, which
originally aimed to pair climate with vegetation zones, categorizes
climate types based on temperature, precipitation, and seasonality
(45). The geographic location was used to assign KGCC. If a study
was performed with subjects/samples grouped from more than one
type of KGCC, this was designated as mixed for the pooled analysis.

OD reporting. The method used to report the OD scores was
categorized and included in the analyses. The categories are as
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follows: 1) OD of the subject to MSP antigen minus the OD of a low
control (i.e. a pool of samples from a non-endemic area) (eOD), 2)
OD of the subject to MSP antigen minus the OD of the subject
tested with bovine serum albumen (bOD), 3) OD of the subject to
MSP antigen minus the sum of a) OD of a negative control well
(with no antigen or serum) and b) the OD of a well with antigen but
no sera (zOD), 4) OD of the subject to antigen minus OD of the
subject to a well with no antigen (dOD).

We estimated univariate and multivariate models incorporating
antigen type, subject age at sampling (years), Aedes spp. mosquito,
population exposure, collection season, KGCC, and OD reporting
method. A mixed effects linear regression was performed analyzing
the independent variables as predictors including a random effect
for study to account for systematic variation between ODs
measured in different studies.

In addition to the pooled analysis, we investigated the utility of OD
scores in their ability to classify samples into those taken from
individuals living in either areas where a specific Aedes spp. was
present (labeled endemic) or from those taken from individuals
living where that species was absent (labeled none). We chose these
two exposure categories as they represented the extremes of exposure
and were clearly defined. To account for study-to-study variation, we
conducted separate analyses for each study-species pair. Logistic
regression was employed to classify individuals into one or the other
of these two categories. To evaluate the accuracy of these predictions,
we used leave-one-out cross-validation, a technique where each data
point is predicted using a model trained on all other data points. This
allowed us to assess the generalizability of our classification model. To
characterize predictive accuracy, we calculated areas under the curve
(AUC) of the receiver operating characteristic curve (ROC). The ROC
curve plots the sensitivity (true positive rate) against 1-specificity (false
positive rate) for all possible classification thresholds in the dataset. The
AUC provides a measure of the model’s ability to distinguish between
the two groups (endemic and none), with a higher AUC indicating
better discrimination. It can be interpreted as the probability that a
randomly selected individual from the positive group (endemic) has a
higher predicted probability of being positive compared to a randomly
selected negative individual. We also calculated and compared
thresholds and sensitivities associated with classification with
90% specificity.

The programming language R (R version 4.1.2 (2021-11-01) was
utilized to perform the pooled analysis. R packages tidyverse, Ime4,
mgcv, ggplot2, stringr, dplyr, ggridges, cowplot, ggpubr, janitor, grid,
gridExtra, officer, pROC, and sjPlotb were utilized the data analysis.

3 Results
3.1 Qualitative synthesis

3.1.1 Study characteristics and dates
of publication

Our search identified 1483 papers that were screened by two
reviewers (Figure 1) using the pre-determined inclusion/exclusion
criteria (Supplementary Table 1). A third reviewer resolved conflicts
in abstract category designation between the two reviewers. The
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agreement between reviewers for the initial screening was
approximately 87%, with a Cohen’s Kappa value of 0.42125.
Based on the abstract review, 1334 records were excluded, and
148 records underwent full-text screening. Out of these, 104 papers
were included in the qualitative synthesis (Supplementary
Table 12). Among those, 23 papers met the inclusion criteria for
the pooled analysis and underwent data-extraction of individual
level OD data for IgG antibodies to MSP.

Of the 104 papers included in the qualitative synthesis, four
were published prior to 1980. Thirty-four papers were published
between 1980 and 1999. The remaining 66 were published between
2000 and 2022 (Figure 2). Below, we describe attributes of these 104
studies and highlight the major themes identified in these papers.

3.1.2 Study objectives

This body of literature has evolved over time (Figure 3A). Initially
the focus was primarily on elucidating the mechanism(s) of allergy/
hypersensitivity to mosquito bites (30, 38, 46-48). Overtime, research
efforts have evolved to refine diagnostic capabilities for allergic
patients (n=6) (38, 49-53). More recently, research has been
expanded to include the use of immune response to MSP as a
marker for exposure to mosquito bites in the general population
(n=25) (18, 19, 21, 22, 26-29, 31, 32, 36, 40, 41, 54-65). By measuring
the levels of anti-MSP antibodies using ELISA, researchers have
explored the potential of using these antibody levels as an indicator
of mosquito bite exposure and the potential risk of mosquito-borne
diseases in a given population.

Additionally, ELISA optical density (OD) scores for anti-MSP
antibodies have been investigated as a potential alternative to
traditional mosquito trapping methods (35, 39). Researchers have
explored the utility of these OD scores as a proxy measure for
mosquito abundance, allowing for the assessment of the
effectiveness of mosquito control interventions. This approach
offers a non-invasive and potentially cost-effective means of
monitoring mosquito populations and evaluating control strategies.

3.1.2.1 Allergy

Of the 104 papers, allergic response was the subject of the
earliest papers and has continued throughout the course of this
body of research (n = 48) (16, 17, 30, 32-34, 37, 38, 40, 46-53, 66—
96). One of the significant findings in this research is the
identification of IgE as the primary component involved in
allergy to MSP. Consistent with classical cause and effect
immunological studies, passive transfer of antibody was used to
confirm this mechanism as opposed to cellular responses (80).

Importantly, the degree of hypersensitivity reaction has been
found to be correlated with IgE level in allergic patients (73).
Furthermore, a correlation between IgG and IgE levels in these
patients has been observed (72). Conversely, pairing of allergy as a
measure of exposure to mosquito bites has not been systematically
explored (32, 40).

In the quest to understand the most immunogenic proteins in
MSP, researchers have examined cross-reactivity between mosquito
and insect species (46) as well as diagnostic allergens (38, 49-53,
97). These investigations have provided insights into the
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FIGURE 1

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Flow Diagram (43) for systematic review and pooled analysis of

studies examining antibody response to mosquito salivary proteins.

immunological aspects of mosquito bite allergies and have
contributed to diagnostic advancements in this field.

3.1.3 Descriptive summarization of
study variables
3.1.3.1 Geographic area

Of the qualitative papers, 27 countries/territories were provided
for anti-Ae. aegypti and Ae. albopictus responses in human subjects
(Figure 4) (99). Using WHO regions to assign location, there were
five countries/territories in Africa across nine studies (18, 19, 32, 36,
41,55, 63, 100, 101), seven in the Americas across 26 studies (20-22,
28, 31, 32, 40, 49, 51-53, 56, 57, 59, 64, 66, 67, 72, 73, 77, 91, 100,
102-105), six in Europe across 11 studies (35, 39, 56, 59, 64, 69, 76,
94, 95, 103, 106), four in the Western Pacific across 14 studies (16,
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17,27,30,37,60,77,81-83,87,91, 107, 108), and one in South-East
Asia across six studies (26, 34, 38, 50, 79, 109). These findings
highlight the geographic diversity of the studies included in the
qualitative analysis, with representation from various regions
around the world.

3.1.3.2 Study design and goals

There were several types of study designs throughout the
literature (Figure 3B). Seven studies were performed with a cross-
sectional design (18, 28, 50, 56-59). The goal of seven studies was to
identify potential diagnostic antigens/allergens or examine a
diagnostic test for efficacy (Figure 3C) (29, 38, 49-53). Animal
studies were also commonly performed (n = 30) (25, 46, 47, 61, 74,
89, 110, 111), with mice being the most commonly used model (n =
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22) (23, 48, 65, 68, 75, 78, 88, 90, 100, 112-124). These findings
emphasize the diversity of study designs employed in the literature,
reflecting the multifaceted nature of research in this field.

3.1.3.3 Mosquito collection

Often, independently collected mosquito data is not recorded
over the course of a study; instead, researchers tend to rely on
historical data to identify the presence of a species of interest in the
area where subjects reside. Nevertheless, some studies have used
mosquito trap data to correlate anti-MSP ELISAs with mosquito
populations (n=9) (24, 29, 31, 35, 39, 54, 58, 60, 95).

In a study conducted in France, ovitraps were used to confirm
the colonization of neighborhoods by Ae. albopictus (58). The
presence of eggs/larvae in the ovitraps confirmed the
establishment of this mosquito species in specific areas. Another
study utilized wild caught mosquitoes, which were trapped via
carbon dioxide dry ice traps, for the collection of ELISA
antigen (54).

In a case study involving a severe mosquito allergic reaction in
Italy, the patient trapped adult mosquitoes and researchers used egg
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19 Study Objectives 2z
1o = Age = 2
“ = Alergens
A = Angens N =
4 ™ Orug and immunotherapy
N = Exposure e
= Exposure and allergy
19 = Exposure and disease riskhistory 25
= inervention
) % = Patnology of alergy o
9 = Pathology of disease @
= Oter
B D
14
o > 12
Study Design
% ° 3
® Corelatonal
° @ Longiudinal »
| Expermental
B Gross-sectonal
® Dignostic
10 B Case-siudy/Case-control
& Randomized contrl
5 72

FIGURE 3

Pie charts of the number of papers that are in each category for the qualitative analysis (A=D) if a paper contained multiple categories, it was
counted in each. The numbers on the pie charts indicate the count of papers in each category; if no number is listed, one paper was in the category
(A-D). (E) The histogram indicates the number of individual observations in each age (years) category for papers in the pooled analysis.
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traps to confirm the presence of Ae. albopictus mosquitoes to
confirm species-specific exposure (95). Ovitraps with larvicide
were also used to survey for Ae. albopictus mosquitoes in Italy (29).

In Thailand, larvae and pupae were collected from water storage
containers within homes. Mechanical hand-held battery-powered
aspirators were also used to collect adult Aedes spp. mosquitoes. Ae.
albopictus and Ae. aegypti were grouped together for measurement
of immune response as well as to estimate Aedes population
size (24).

In La Reunion, pre-existing Ae. albopictus sites were identified
and mosquito densities determined prior to elimination and then
traps baited with CO, and octenol (Mosquito Magnet trap) were
used. ELISA ODs were evaluated at the start and at multiple time
points throughout the course of a vector control campaign (35, 39,
60). In Bolivia, pre-existing containers in patients’ homes were
utilized to assess levels of exposure to Ae. aegypti (31). These
examples demonstrate how mosquito trapping techniques have
been incorporated into studies to complement the use of anti-
MSP ELISAs and provide additional validation and context for the
assessment of mosquito exposure and population dynamics.
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FIGURE 4

Country/territory of origin of human subjects used for detection of antibody response to mosquito salivary proteins mapped with Képpen-Geiger
climate classification (98). The numbers (red for Ae. aegypti and blue for Ae. albopictus) indicates the number of publications resulting from each
location. Global distribution of Ae. aegypti and Ae. albopictus each country/territory are included in the inserts (99). http://creativecommons.org/

licenses/by/4.0/.

3.1.3.4 Antigen preparation
3.1.3.4.1 Source of mosquitoes for exposure and use in assays

Among the 104 papers in the qualitative synthesis, a total of 15
species of Aedes spp. mosquitoes were represented (Figure 3D). The
most commonly studied species were Ae. aegypti (72 papers) (17-
24,27,28, 31, 32, 35, 36, 38, 40, 41, 46-57, 59-61, 63-69, 72, 73, 75—
80, 88, 89, 91, 94, 100-103, 105, 109, 110, 112-115, 117-125) and
Ae. albopictus (29 papers) (16, 17, 29, 30, 37, 39, 50, 54, 58, 59, 64,
65, 67, 77, 79, 81-83, 85, 87, 90, 91, 95, 103, 104, 106-108, 116).
Aedes vexans (n=12) (33, 34, 40, 52, 62, 67,71, 73, 77,91, 121, 126)
and Ae. communis (n=13) (32, 67, 74,79, 80, 84, 92-94, 96, 100, 106,
111) were the next most commonly used mosquitoes. Twenty-eight
papers included non-Aedes spp (17, 18, 38, 41, 46, 50, 54, 57, 61, 63,
66, 67,70,72,73,77,79, 85,87,91-93, 100, 101, 105, 107, 117, 126).;
only the Aedes spp. data was examined, and any non-Aedes spp.
data was excluded.

Several papers used established lab colonies of mosquitoes, which
may have included different colonies (n=23) (18, 20-22, 28, 46, 48, 54,
56, 57, 59, 63, 69, 75, 101, 110, 113, 114, 117, 118, 121, 122, 125).
Twenty-eight papers used wild colonies of Aedes spp. mosquitoes (29,
32-34, 38,52, 54, 58, 59, 61, 62, 65, 67,70, 71,73, 74,77, 80, 95, 96, 100,
102-104, 111, 120, 126). Additionally, 40 papers utilized multiple
species of mosquitoes, often focusing on cross-reactivity/species-
specificity (17, 18, 32, 38, 40, 46, 50, 52, 54, 56, 57, 59, 61, 63-67, 70,
72,73,77,79, 80, 85, 87,91, 92, 94, 100-107, 117, 121, 126).

Four papers used multiple colonies of the same species (22, 29,
46, 120). One of these studies specifically examined heterologous
and homologous reactions between wild type and an established
lab-reared strain of Ae. aegypti and found no statistically significant
difference in bite wheal size (46). The others used different colonies/
origins for different assays (120) or different antigen types (22, 29)
meaning no comparisons between colonies/origins could be made.
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Investigators used different selection criteria in choosing a
particular mosquito species to measure anti-MSP response. Some
studies targeted the most common mosquito species where test
subjects were living during the course of the study (37, 40, 57, 87,
111). Other studies cited specific entomological data (ex. data
published by government entities) (29, 55), while another used
study associated entomological data usually obtained by
conventional trapping mechanisms (60).

The age range of the lab reared mosquitoes used for antigen
collection varied across studies, but the majority of them fell within
the range of 4-12 days old. The diet of the lab reared mosquitoes
utilized used for various assays (i.e., bite tests, ELISA) primarily
consisted of 3 or 10% sucrose solutions. Twelve studies blood fed (39,
56,59, 100, 103, 111, 113, 118) mosquitoes prior to antigen collection.

3.1.3.4.2 Antigens used to elicit a response

Ten types of antigen were utilized (Figure 2C), including whole
saliva via bites, whole saliva collected from mosquitoes and
administered in ways other than bite, SGE, recombinant proteins,
and different dissections that include the salivary glands (ex. head
and thorax, SGE and midgut).

Among the antigen types, SGE was the most common antigen
used in studies that measure response to MSP (n=48) (20-22, 25,
27,28, 30, 31, 33, 39, 40, 50, 52, 54, 56, 58, 59, 61, 62, 65, 67, 70-73,
75, 77, 79, 81-85, 91, 100, 101, 103-105, 107, 110, 112, 114, 115,
120, 121, 123, 124). Saliva, wherein mosquito saliva was collected in
a media, was used in 23 studies (29, 32, 34, 50, 55, 63, 67, 68, 72-74,
77,78, 80, 88, 91, 94, 100, 109, 114, 115, 119, 121), while saliva via
bites was used in 22 studies (16, 23, 33, 37, 46, 47, 67,72, 73, 80, 83—
85, 89, 90, 94-96, 100, 113, 117, 118). Antigen composed of
homogenates of whole mosquitoes was used in 20 studies (17, 38,
48, 50, 66, 67, 69-72, 74, 76, 79, 80, 87, 92, 93, 106, 111, 118).
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Recombinant proteins have been used to identify allergens and
are also used as reagents for development of diagnostic testing. D7
proteins, which scavenge for biogenic amines, have been isolated
and identified as immunogenic/allergenic in the literature (22, 115).
Furthermore, a commonly used antigen is the 34kD salivary peptide
originally derived from Ae. aegypti. This has been used to examine
geographical (40, 54, 55), seasonal (36, 54, 55, 84), and agronomical
(36) differences. The Ae. albopictus derived al34k2 and the Ae.
aegypti derived ae34k2 have also been utilized to examine species-
specific responses to bite exposure (65). Moreover, the used of
recombinant proteins, such as al34k2, has increased in recent years,
with the discovery of more antigenic proteins which are able to be
expressed using on E. coli expression vector (29, 65, 76, 116, 127),
which is a more accessible and cost-effective method compared to
the previous use of the baculovirus system (49, 52, 53, 67, 68, 76—
78, 119).

3.1.4 Correlates of antibody explored in studies
3.1.4.1 Location and geography

Multiple studies (n =14) have investigated the association
between levels of anti-MSP antibodies and geographic factors
related to exposure or immune response (18, 22, 29, 35, 36, 41,
54-56, 58, 60, 64, 108, 118). These studies have examined spatial
location of residence has been explored as a correlate of species-
specific mosquito-bite exposure by comparing antibody responses
to MSP in individuals residing in areas where a mosquito species is
present to responses in individuals where a mosquito species is
absent (56).

Senegalese children from different villages were observed to
have different levels of ODs for IgE and IgG4 against whole saliva
55). Another study in Senegal found that antibody levels to a N-
term 34kD antigen differed depending on the neighborhood, with
individuals having less access to sanitation exhibiting higher
antibody response to this protein (18). Furthermore, in locations
with different agrarian practices in Senegal, the anti-MSP IgG
response was higher during the dry season in areas with more
intensive agrarian practices compared to areas with otherwise
similar ecosystems (36). These studies highlight the influence of
spatial location, village, access to sanitation, and agrarian practices
on the level of immune response to MSP and indicate potential
correlations between these factors and antibody levels.

3.1.4.2 Entomological data

The use of entomological trapping data has been a cornerstone
in validating the use and examining the sensitivity of ELISAs for
antibody response to MSP. In Colombia, researchers collected
mosquito larvae and recorded breeding sites over the course of
their study (21). They found a positive correlation between the
presence of aquatic stages of Ae. aegypti in and around one’s home
and level of anti-SGE IgG levels. In another study performed in
Columbia, they used traps to confirm the absence of Ae. aegyptiin a
region of high elevation and in this study, it was also found that
anti-IgG levels decayed quickly after known Ae. aegypti exposure
(20). These correlations provide further support for the association
between recent mosquito exposure and antibody levels.
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In southern France, publicly available entomological trap data
was used to confirm differences in exposure in geographically and
ecologically distinct areas (54). This data helped support the
findings of the study and provided additional evidence of
variations in exposure. In northeastern Italy, historical
entomological data indicated that two cities had different times of
colonization by Ae. albopictus mosquitoes (29). By comparing the
IgG responses of individuals living in these two cities over two
seasons and utilizing SGE and al34k2 antigens, researchers were
able to attribute differences in antibody levels to the length of time
the mosquito species had colonized each area. Ovitrap data
collected during the study indicated similar mosquito densities
throughout the study period, further supporting the association
between colonization time and antibody responses. These studies
demonstrate the important role of entomological data in validating
and enhancing the understanding of the relationship between
mosquito exposure and antibody responses to MSP.

3.1.4.3 Seasonality

The effect of seasonality on antibody response to MSP has been
the focus of several papers (n = 11) (19, 20, 24, 29, 36, 40, 41, 54, 55,
84, 96). These studies have demonstrated that Ig levels to MSP
reflect seasonal variations in Aedes spp. mosquito biting activity
(71). Both commercial and lab-derived MSP have been used to
show positive correlations between antibody levels and seasonality;
however, there is a high degree of variability in the detected levels of
Ig depending on the source of the antigen (72).

In Cote d’Ivoire, seasonality in different regions was explored
using IgG response to an Ae. aegypti derived 34kD salivary peptide.
The effect of seasonality within a site was not detected in children,
aged 6 months to 14 years, residing in two geographically proximal
areas with intensive agricultural plantations. However, in a site
without nearby plantations, the effect of seasonality was observable,
with higher IgG levels during the rainy season (high exposure) as
compared to the dry season (low exposure). This indicates that
agrarian practices can impact mosquito-bite exposure, and
therefore disease, risk (36).

Using two highly antigenic Ae. communis salivary proteins, it
has been demonstrated that there was a statistically significant
positive correlation between exposure season and IgE/IgG4/IgGl
responses. Furthermore, this study demonstrated that there is
minimal IgG2 and IgG3 response to MSP (84). Similar findings
were observed for anti-Ae. vexans IgG and IgE, which positively
correlated with exposure season (62). In Canada, using proteins
known to be allergenic and immunogenic, it was demonstrated that
IgG responses were positively correlated with seasonality at a
population level (40).

Recombinant proteins have also been demonstrated to have
similar efficacy in tracking seasonal changes to antibody
responses to MSP. The use of al34k2 and ae34k2 allowed for
the elucidation of species-specific response to Ae. albopictus and
Ae. aegypti, respectively, in mice (65). Anti-al34k2 IgG was
shown to be a seasonal marker in humans, with a higher
response to both SGE and al34k2 at the end of the high
mosquito exposure season (29).
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Additionally, an N-term 34kD salivary marker, originally
derived from Aedes aegypti, has been demonstrated to be a viable
antigen for tracking seasonal differences in exposure (19). Over a
four-year period in two cities in northeast Thailand, this N-term
34kD salivary marker was validated using entomological data,
including the proportion of adult mosquitoes positive for dengue
infection measured at household and cluster levels. The study
revealed a strong positive correlation between the adult Aedes
spp. population and the IgG response to the N-term 34kD
salivary peptide (24).

3.1.4.4 Travel

The travel of individuals from non-endemic areas to mosquito-
endemic regions has been used to assess the efficacy of using
antibodies to MSP as a proxy for transient mosquito exposure.
Three studies have demonstrated increased antibody responses to
MSP in individuals who traveled from non-endemic areas to
endemic regions (20, 56, 63).

In one study, French soldiers who relocated to French Polynesia
showed an increase in antibody response to an Aedes spp. endemic to
French Polynesia, which is not present in mainland France (56). Another
study involving French soldiers who intermittently travel to Senegal or
Gabon demonstrated a similar increase in antibody response to Aedes spp.
MSP after travel in approximately 15% of their cohort. This response was
distinct from their response to Anopheles spp. mosquitoes, which are more
abundant in both Gabon and Senegal (56, 63).

In Colombia, where Ae. aegypti is endemic in regions of lower
elevation, researchers investigated changes in anti-SGE IgG levels
after individuals from a region of high elevation (where Ae. aegypti
is absent) returned from travel to an area of high DENV incidence
(where Ae. aegypti is endemic). They found that those travelers had
a peak in response upon returning home, which quickly decayed
over time (20). These studies highlight the usefulness of antibody
responses to MSP as an indicator of transient mosquito exposure,
particularly in individuals traveling from non-endemic areas to
regions where specific Aedes spp. mosquitoes are endemic.

3.1.4.5 Age

The impact of human age on anti-MSP OD scores has been
explored in several studies (n = 19) (16, 19, 20, 22, 26, 27, 29-41).
Age dynamics in allergy have been examined, and it has been
observed that Ig responses peak during adolescence and decay with
age (37, 67, 91).

Age dynamics in relation to the response to exposure to mosquito
bites has also been examined. In Colombia, a study found no significant
differences across age groups in anti-MSP (SGE) levels in those with
febrile cases of DENV (28). Conversely, in Bolivia, anti-MSP IgG levels
were found to be strongest in children and gradually waning with age
(31). These findings suggest that age may play a role in modulating the
antibody response to MSP, with variations observed in different
populations and contexts.

3.1.4.6 Mosquito control/interventions
The utility of antibodies to MSP as a metric for determining the
efficacy of a mosquito control intervention has also been examined
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(n =4) (35, 39, 60, 104). These studies tended to use longitudinal
data from patients and paired it with entomological data collected
during the intervention period.

In these studies, there was a correlation between IgG levels to
MSP and mosquito prevalence as determined from mosquito
surveillance data, indicating that changes in antibody levels
reflected changes in mosquito populations during an intervention
(39, 60). Additionally, one study demonstrated that IgG responses
decreased with the use of permethrin treated clothing, suggesting
that the intervention was effective in reducing mosquito
exposure (104).

To validate the use of anti-MSP antibody levels as a reliable
measure for intervention success, a study compared IgG levels to an
Ae. aegypti derived 34kD salivary peptide between different groups
in a vector control campaign. The study found that IgG levels
decreased in concurrence with decreases in collected mosquitoes
during the intervention in La Reunion (35). These findings
highlight the potential of using antibodies to MSP as a valuable
tool for evaluating the impact of mosquito control interventions on
mosquito populations and human exposure to mosquito bites.

3.1.4.7 Anti-MSP responses and arboviral disease

In two studies, the presence/absence of arboviral infection was
used to categorize subjects and investigate differences in anti-MSP
IgG and anti-DENV IgM (21) and IgG (20, 21). These studies have
demonstrated a positive correlation between antibodies to both
DENV and MSP have been shown to be positively correlated (21,
109). Another study found that antibodies to DENV NSI coincided
with an increase in IgG4 levels to Ae. aegypti but no such
relationship was observed with IgG1 levels (28).

Interestingly, younger individuals tend to have lower levels of
anti-D7 antibodies, and individuals with confirmed, current DENV
cases (febrile) were more likely to have lower D7 antibody levels
(22). As antibodies to DENV are stable and do not change over time
as much as anti-MSP antibody levels, the focus of this work has
mostly shifted to examining confirmed cases of disease and levels
MSP antibodies (28). However, it can be challenging to detect
exposure signals when there are few to no cases of an arboviral
disease over the course of the study (18).

3.2 Pooled analysis

Our pooled analysis includes 23 studies (18-21, 24, 26, 28-31,
35, 36, 39, 41, 54-56, 58-60, 63, 64, 101). Antibody responses were
tested in individuals from 16 countries/territories. The most
frequent country of study was mainland France (n=7) (54, 56, 58,
59, 63, 64, 101). However, a single study in Thailand represented
roughly 25% of the individual observations (24). We examined the
effect of seven variables (1) antigen type, 2) age at time of sampling,
3) Aedes spp., 4) population level exposure to mosquitoes, 5)
collection season, 6) KGCC, and 7) OD reporting method) on
OD levels. Subject age was treated as a continuous variable, and
individual level OD scores were included in the analysis
(Supplementary Figure 1).
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Antigen Type. The antigen types included SGE (20, 21, 28-31,
39, 54, 56, 58, 59, 101), saliva (55, 63), Ae. aegypti derived 34kD
salivary protein (18, 19, 24, 26, 35, 36, 41, 60, 64), Ae. albopictus
derived al34k2 (29, 64). The median OD scores for SGE and 34kD
salivary protein were the highest (Figure 5A).

Subject age at sampling. The highest responses were observed in
early adolescence. The age distribution and number of individual level
OD scores included in the pooled analysis are provided in Figure 3E.

Aedes mosquito species. Anti-Ae. aegypti responses were most
commonly investigated (n=16) (18-21, 24, 28, 31, 35, 36, 54-56, 59,
60, 63, 101) followed by anti-Ae. albopictus responses (n=6) (29, 30,
39, 54, 58, 59). Ae. caspius (54) and Ae. polynesiensis (56) were
examined in one study each. Ae. caspius had the highest median OD
scores in our pooled analysis. The OD scores were similar across
other species (Figure 5B).

Population level exposure to Aedes spp. mosquitoes. Population
exposure was categorized as endemic, newly endemic, recent, or
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none. The mean response was highest when the Aedes spp. of
interest was endemic (Figure 5C).

Collection season. Samples collected in the transitional
collection season category had the highest mean OD (Figure 5D).

Koppen-Geiger Climate Classification. Seven distinct climates
were represented in the pooled analysis, with ten cohorts in tropical
climates (Tables 1, 2) across 9 studies (19, 24, 28, 31, 35, 36, 39, 59,
60). Temperate oceanic/subtropical highland (Cfb) was the most
common unique climate type (n=7) (20, 21, 28, 29, 56, 58, 59). Most
KGCCs had similar OD scores. Cfa (Humid subtropical) had the
highest mean OD score, but was represented in only one study
(Figure 5E) (29).

OD reporting. Several methods were used to report the OD
scores included in the pooled analysis. eOD (55) and bOD (30) were
each utilized once, zOD was used in three studies (20, 21, 28), and
the most common reporting method, dOD, was used in 15 studies
(Figure 5F) (18, 19, 24, 29, 31, 35, 36, 39, 54, 56, 58-60, 63, 101).
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Ridgeline plots of optical density scores of individual level IgG response to mosquito salivary proteins according to (A). Antigen type, (B). The Aedes
mosquito spp., (C). The level of population exposure of Aedes spp. mosquitos, (D). The season during which sampling occurred, (E). The Képpen-
Geiger climate classification, (F). OD reporting method (1) OD of the subject to MSP antigen minus the OD of a low control (i.e. a pool of samples
from a non-endemic area) (eOD), 2) OD of the subject to MSP antigen minus the OD of the subject tested with bovine serum albumen (bOD), 3) OD
of the subject to MSP antigen minus the sum of a) OD of a negative control well (with no antigen or serum) and b) the OD of a well with antigen but
no sera (zOD), 4) OD of the subject to antigen minus OD of the subject to a well with no antigen (dOD). Medians are indicated by solid vertical lines.
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TABLE 1 Koéppen-Geiger Climates Classification descriptions and
number of papers in which they are included for the pooled analysis.

# of Papers  Climate Climate Description
Category

6 Am Tropical monsoon

7 Aw Tropical savanna, dry winter

1 Bsh Dry, semi-arid/steppe, hot

1 Bwh Dry, arid desert, hot

1 Cfa Temperate, no dry season, hot summer

8 Cfb Temperate, no dry season, warm summer

2 Csa Temperate, dry summer, hot hummer

5 mixed Pooled two or more climates

3.2.1 Univariate results

A univariate, random effect linear regression, was performed for
each of the seven variables, fixing study as a random effect
(Supplementary Tables 2-10).

Antigen type. Overall, the OD scores for al34k2 (-0.51, 95% CI
[-0.57,-0.45], p<.001) and Ae. aegypti derived 34kD salivary protein
(-0.54,95% CI [-0.65, -0.44], p<.001) are lower than SGE (0.85, 95%
CI [0.71, 0.98], p<.001). When the analysis was limited to only SGE
and saliva, the results were similar.

Subject age at sampling. Age was not statistically significantly
associated with OD scores.

Aedes mosquito species. OD scores were statistically different
among every mosquito species included in our analysis. Aedes
polynesiensis had the lowest OD score (-0.43, 95% CI [-0.52,
-0.34], p<.001) and Ae. aegypti (0.56, 95% CI [0.45, 0.68], p<.001)
had the highest. When the analysis was restricted to only Ae. aegypti
and Ae. albopictus, the estimates were similar.

Population level exposure to Aedes spp. mosquitoes. Individuals
tested in a region where the mosquito species of interest was
endemic had the highest OD scores (0.69, 95% CI [0.57,
0.81], p<.001).

Sample collection season. Samples collected during the high
exposure season also had higher OD scores (0.64, 95% CI
[0.51,0.78], p<.001). The low exposure season was also
significantly associated with OD scores (-0.08, 95% CI [-0.10,
-0.05], p<.001).

Képpen-Geiger Climate Classification. KGCC Cfa (humid
subtropical) (0.53, 95% CI [0.41, 0.65], p<.001) and Csa (hot-
summer Mediterranean) (0.53, 95% CI [0.36, 0.70], p<.001) had
the highest OD scores.

OD reporting. dOD had the highest OD scores (0.53, 95% CI
[0.41, 0.65], p<.001).

3.2.2 Multivariate analysis results

The multivariate model included the same seven variables,
maintaining study as a random effect (Table 2).

Antigen type. Similar to the univariable analysis, the OD scores
for anti-al34k2 were lower as compared to other antigens (-0.54,
95% CI [-0.60, -0.49], p<.001).
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TABLE 2 Results of multivariate analysis for the 23 papers included in
the pooled analysis.

oD
Predictors
Estimates  CI
(Intercept) 1.02 0.83 - | <0.001
1.21
Antigen Type
Salivary gland extract Reference
34KkD salivary protein -0.48 -0.59 | <0.001
-0.37
al34k2 -0.54 -0.60 <0.001
-0.49
saliva -0.43 -1.08 0.190
-0.21
Subject age at sampling (year) -0.01 -0.01 <0.001
-0.00
Aedes Mosquito Species
aegypti Reference
albopictus 0.12 0.07 - | <0.001
0.17
caspius 0.51 0.44 - | <0.001
0.59
polynesiensis -0.00 -0.09 0.954
-0.08
Population Level Mosquito Exposure
endemic Reference
newly endemic (< 5 years mosquito -0.20 -0.40 0.057
colonization) -0.01
none -0.90 -0.94 <0.001
-0.85
recent (< 1 year endemic mosquito -0.50 -0.65 <0.001
exposure) -
-0.36
Collection season
high (peak mosquito abundance) Reference
low (low mosquito abundance) -0.06 -0.08 <0.001
-0.03
rolling (several seasons) -0.04 -0.54 0.859
- 045
transitional (beginning of a new season) -0.00 -0.03 0.899
-0.02
Koéppen-Geiger Climate Classification
Aw (Tropical, dry winter savanna) Reference
Am (Tropical, monsoon) 0.05 -0.00 0.056
-0.11
(Continued)
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TABLE 2 Continued

(0]D)
Predictors
Estimates ClI
Bwh (Dry Arid desert hot) 0.02 -0.62 0.949
- 0.66
Cfa (Temperate, no dry season, hot 0.56 0.32 - <0.001
summer) 0.79
Cfb (Temperate, no dry season, warm 0.52 0.41 - <0.001
summer) 0.62
Csa (Temperate, dry summer, hot 0.17 -0.36 0.060
summer -0.01
mixed 0.40 0.25 - <0.001
0.55
OD reporting
dOD (OD of the subject to antigen minus = Reference
OD of the subject to a well with no
antigen)
zOD (the OD of a -0.36 -0.79 0.095
well with antigen but no sera) - 0.06
Random Effects
o 0.24
To0 Study 0.10
I1CC 0.29
N Study 19
Observations 15761
Marginal R*/Conditional R” 0.254/0.467

Bold values denote statistical significance at the p < 0.05 level.

Subject age at sampling. Age was statistically significantly
associated with OD scores (-0.01 per year of age, 95% CI
[-0.01,0.0], p<.001).

Aedes mosquito species. Ae. caspius (0.51, 95% CI [0.44, 0.59],
p<.001) and Ae. albopictus (0.12, 95% CI [0.07, 0.17], p<.001)
elicited higher OD scores than Ae. aegypti.

Population level exposure to Aedes spp. mosquitoes. None and
recent exposure had the lowest OD scores [(-0.90, 95% CI [-0.94,
-0.85], p<0.001) and (-0.50, 95% CI [-0.65, -0.36],
p<0.001 respectively].

Sample collection season. Low (-0.06 [-0.08, -0.03]), p<0.001)
had the lowest values.

Koppen-Geiger Climate Classification. The KGCCs also were
associated with OD scores. Cfa (Temperate, no dry season, hot
summer) (0.56, 95% CI [0.32,0.79], p<0.001) and Cfb (Temperate,
no dry season, warm summer) (0.52, 95% CI [0.41,0.62], p<0.001)
having the highest OD scores relative to the control group, Aw
(Tropical, dry winter savanna).

OD reporting. The method of reporting the OD scores was not
significantly associated with OD scores.

3.2.3 Classifying mosquito exposure using ODs
We examined whether MSP OD could be used to classify
samples into those collected from individuals living in areas
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where an Aedes spp. was present (endemic) compared to samples
from individuals living in areas where a specific Aedes spp. was
absent (none). We identified studies among those included in the
pooled analysis that included these two categories of mosquito
exposure and analyzed each study separately. We excluded any
other mosquito exposure category from our analysis (i.e., samples
collected from individuals living in an area with < 5 years mosquito
colonization area). Five studies included individuals in these two
exposure categories, with results for three species of mosquito total
[Ae. aegypti (35, 54, 56, 59), Ae. albopictus (58, 59) and Ae.
polynensiensis (56)] (Figure 6). Classification performed using
logistic regression had accuracies ranging from 0.64 to 0.96 as
characterized by the AUC across the studies in distinguishing
samples from areas where the Aedes species was present from
samples from individuals where it is not. The mean AUC across
studies was 0.86, suggesting high accuracy in distinguishing
individuals with any possible exposure from those with no
exposure. Thresholds and sensitivity at 90% specificity are listed
in Supplementary Table 11.

4 Discussion

Our pooled analysis builds upon previous descriptive and
systematic reviews of MSP studies (128-131), by performing a
pooled analysis that associated OD responses with individual and
study correlates. In the multivariate analysis, the use of SGE and
saliva as antigen tended to elicit the highest OD scores. This could
be attributed to the fact that these antigens contain a larger number
of proteins compared to recombinant proteins. Furthermore, in the
limited number of studies that examined multiple species of Aedes
mosquitoes, mosquito species was statistically significantly
associated with responses to MSP. While Ae. aegypti and Ae.
polynesiensis had similar OD scores, Ae. albopictus and Ae.
caspius had overall higher values, respectively, in the
multivariate analysis.

OD scores were statistically significantly higher in studies
examining samples from areas endemic for Aedes spp., consistent
with greater exposure levels being associated with greater evidence
of presence of the mosquito. In our multivariate model, we found
that OD scores were lowest for samples from individuals living in
non-endemic areas, and highest in areas that were the mosquito of
interest is endemic or newly endemic.

Interestingly, two of the studies used to assess our classification
algorithm used samples from areas where another Aedes species was
present as the negative population (56, 59). In one case, the
algorithm was able to accurately classify Ae. aegypti exposure
status (samples from endemic or non-endemic areas) even when
non-endemic samples came from an area where Ae. albopictus was
present (AUC=0.92), and vice versa (AUC=0.84) (59). We found
similar performance in the other study that included samples from
endemic and non-endemic pairs where Ae. aegypti and Ae.
polynesiensis were present (56).

The association between mosquito densities and climatic
conditions is well-established, with higher temperatures and
humidity generally being associated with higher mosquito
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FIGURE 6

Violin plots of the distribution of optical density scores of individual antibody level to mosquito salivary proteins to endemic (red) and nonendemic
(blue) Aedes spp. The values for the area under the curve generated by pooling of the data and performing receiver operator curve analysis are

included above each species for each publication.

populations (132-135). In our study, samples form areas with
KGCCs associated with hotter areas were found to be associated
with higher OD scores. Specifically, samples from areas with KGGC
Cfb (temperate oceanic or subtropical highland) had some of the
highest OD scores (0.52 increase over reference [Aw (Tropical, dry
winter savanna)], 95% CI [0.41, 0.62], p<0.001). KGCC Cftb
represents regions where all months have an average temperature
of 22°C/72°F or higher and no dry season is present (136).These
regions included various geographic locations such as continental
France (56, 58, 59), Colombia (20, 28), Canada (51) and Italy (29).
The ideal flying temperature for Aedes mosquitoes is 21°C (137),
suggesting that adult mosquitoes may be present year-round in the
Cfb climate, contributing to higher exposure and subsequent higher
OD scores.

Similarly, values from KGCC Cfa (temperate, no dry season, hot
summer) were also associated with some of the highest OD scores
(0.56 increase over reference (Aw (Tropical, dry winter savanna).),
95% CI [0.32, 0.79], p<.001). KGCC Cfa is characterized by a humid
subtropical climate with no dry month in the summer, the coldest
month averaging above 0°C/32°F, one or more months above 22°C/
72°F, and at least four months averaging above 10°C/50°F (136). In
our study, this climate was represented by a single paper in Italy that
used Ae. albopictus as the mosquito species (29). As Ae. albopictus is
able to tolerate cold temperatures well, these mosquitoes are likely
active in Italy the vast majority of the year (137, 138). This extended
period of climate conducive to mosquitoes may contribute to higher
exposure and higher OD scores observed in this study.

We found that all models supported the inclusion of a random
effect for study by Aikake Information Criterion. In our multivariate
analysis, we estimated an intraclass correlation coefficient of 0.29
suggesting high inter-study variation. This variation could be
attributed to several factors, such as differences in laboratory
techniques and methodologies across studies including factors that
were not described in our study attributes. It is important to note that
our qualitative synthesis was limited to papers published in English
included in the two selected databases. Furthermore, there may be bias
due to an over-representation of positive findings being presented and
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published. A variety of methods of quantification of response are
utilized but data is often only presented as means or majority
responses, which makes it difficult to determine the comparative
efficacy of methodologies. Additionally, not all variables of interest
were consistently reported across all studies, limiting the completeness
of the available data and making comparisons challenging.

Another limitation was the inability to track individual-level
data points in longitudinal studies, as specific data points could not
be assigned to individual subjects. The characterization of exposure
and collection season was also limited, relying on broad categories
such as high, low, rolling, and transitional. This lack of granularity
may affect the accuracy of the analysis.

Furthermore, certain variables such as sex and gender, evidence
of prior/lifetime exposure, degree of bite sensitivity, current or
historical arbovirus disease status, and other social factors such as
residency status and/or housing conditions were rarely explicitly
stated at the individual level, preventing the inclusion of these
variables in our analysis. Finally, there are known differences in the
sialome of different species and colonies within a species, which we
were unable to capture with our analysis.

Overall, our systematic review and pooled analysis consolidated the
current knowledge regarding antibody response to MSP. We identified a
lack of standardization across papers in this field, which suggests that
reporting standards should be considered for future expanded utilization
of such data. Despite these limitations, our pooled analysis consistently
classified samples with a high degree of biological plausibility. That is, it
associated high OD levels with exposure to more complex antigen types,
endemicity of the study area, and climate. Thus, our analysis of
demonstrated a broad use of OD scores related to MSP reactivity for
classification of individuals according to relative exposure level.

Global climate change is influencing Aedes spp. mosquitoes’
ability to occupy different environments. Climate change models
predict changes in mosquito populations, with some regions
becoming newly vulnerable to Ae. aegypti and Ae. albopictus
mosquitoes and the arboviruses they carry (139-142). As a result,
the need for tools that can rapidly detect changes in mosquito
exposure levels is becoming more critical.
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As supported by our model, an ELISA-based approach may be
capable of more rapidly detecting changes in exposure levels in a
less time- and resource-intensive manner compared to traditional
trap methodologies. Using ELISA, exposure levels can be inferred
by analyzing blood or serum samples for MSP antibody responses.
Such a tool could be employed as part of general mosquito
surveillance conducted by mosquito districts or in parallel with
other studies that involve blood/serum sample collection.
Implementing these methods could enable surveillance efforts
before an arboviral disease outbreak occurs.

Further studies are required to assess the performance of
recombinant proteins, such as al34k2, to characterize exposure to
mosquito bites globally. Recombinant proteins have been tested in
only a few countries (29). Global populations should be included in
this research to evaluate the applicability and effectiveness of these
proteins in diverse regions. Collaborations between mosquito
control districts, governments, and research institutions can
contribute to the collection of serum samples and mosquitoes/
eggs for identifying and screening population-specific antigen
proteins or developing a diagnostic antigen applicable worldwide.

Given the increasing vulnerability of populations to diseases
transmitted by Ae. albopictus and Ae. aegypti (139, 143-145),
ongoing research and refinement of monitoring and surveillance
tools are essential. This work will help in early detection of potential
disease outbreaks and facilitate the implementation of effective
control and prevention measures.
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