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Abstract. Outdoor exposure to mosquitoes is a risk factor for many diseases, including malaria and dengue. We have
previously shown that long-lasting permethrin-impregnated clothing protects against tick and chigger bites in a double-blind
randomized controlled trial in North Carolina outdoor workers. Here, we evaluated whether this clothing is protective
against mosquito bites by measuring changes in antibody titers to mosquito salivary gland extracts. On average, there was a
10-fold increase in titer during the spring and summer when mosquito exposure was likely to be the highest. During the first
year of the study, the increase in titer in subjects wearing treated uniforms was 2- to 2.5-fold lower than that of control sub-
jects. This finding suggests that long-lasting permethrin-impregnated clothing provided protection against mosquito bites.

INTRODUCTION

Mosquito-borne infectious diseases, such as malaria, dengue,
West Nile, and chikunguya fever, affect hundreds of millions
of people throughout the world. Long-lasting insecticide-
impregnated nets (LLINs) provide protection against anophe-
line mosquitoes, which are night-time biters.1 However, people
spend a substantial amount of time exposed to anophelines
during the evening before going to bed under a net.2,3 In addi-
tion, many mosquito-borne diseases are spread by day-time
biters such as Aedes aegypti and Culex pipiens. Repellents,
such as diethyltoluamide, and proper attire provide some pro-
tection, but the protection is incomplete. Thus, better personal
protective measures against mosquitoes are needed.
Clothing that is impregnated with permethrin by dipping

or spraying is protective against mosquitoes in the laboratory,
and has been used by the military and in recreational activities
for personal protection against bites from arthropods.4–7

Impregnated clothing is typically evaluated either by expos-
ing mosquitoes to clothing and measuring mortality or by
exposing individuals wearing impregnated clothing to mos-
quitoes in the laboratory.8 However, impregnated clothing
potentially performs differently under field conditions than
in the laboratory.9 There have been few randomized con-
trolled trials (RCTs) under field conditions; because mosquito
bites are hard to quantify. Occurrence of disease (malaria)
was used as the primary measure of effectiveness. In one
large study, impregnated clothing, sheets, and other materials
protected against malaria when used for 16 weeks.10 Two
other smaller short-term studies were done—one showed
an effect11 and one did not.12 Finally, in the only long-term
study (13 months), no effect on the incidence of infection was
seen.13 The poor performance in the longer trial may have
been a consequence of poor compliance with retreatment.
Factory-based permethrin impregnation methods, which

yield long-lasting permethrin-impregnated (LLPI) clothing,
have been developed to overcome retreatment compliance

problems. LLPI clothing exhibits protection and knock-down
activity against mosquitoes in the laboratory.5 Many militaries
now use LLPI uniforms. Previous studies have measured effi-
cacy by exposing worn fabric to mosquitoes under laboratory
conditions.14–16 However, there have been no studies of the
efficacy of LLPI clothing in protecting soldiers or outdoor
workers from mosquito bites under field conditions.
Our previous studies showed that LLPI clothing protected

outdoor workers against self-reported tick bites for 1 year. We
first conducted an open-labeled study of 16 North Carolina
Division of Water Quality worker subjects, and found a
94% protective efficacy over a 1-year period.17 We then
conducted an RCT with 159 North Carolina parks and for-
estry rangers; the protective efficacy was 83% in the first year,
but only 36% in the second year.18 This study suggests that
treated clothing had lost its efficacy over a period of 1 year. In
annual questionnaires of study participants, fewer subjects in
the treatment group reported frequent mosquito bites than
in the control group, but the difference was not statistically
significant. However, it is likely that study participants could not
recall as the focus of the trial was on prevention of tick bites.
During feeding, mosquitoes secrete saliva into host skin to

facilitate blood uptake.19 Saliva contains physiologically
active chemicals able to induce humoral immune responses
that can be measured.20 Previous studies have shown that
antibodies against vector salivary proteins can serve as
markers for disease risk21–23 and can be used to evaluate the
efficacy of vector control efforts.24,25 Our previous studies
have shown increased antibody titers to salivary proteins in
subjects with malaria or dengue, compared with subjects
living in the same region but with no sign of infection.21,22

There have been a number of studies validating the detection
of anti-mosquito salivary proteins as biomarkers for mosquito
bite exposure.21,24–30 Although the different studies have all
used different methods to assess immune response to mos-
quito salivary proteins, all suggest that antibodies to mosquito
salivary proteins are effective biomarkers for exposure.
In this article, we describe efforts to determine whether

LLPI uniforms protect against mosquito bites under field con-
ditions. Annual serum samples were obtained from RCT par-
ticipants and were analyzed for mosquito bite exposure using
an enzyme-linked immunosorbent assay (ELISA) that was
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adapted to detect anti-salivary gland protein antibodies from
Aedes albopictus and Aedes atlanticus, two commonly found
mosquito species at study participants’ exposure sites.31,32

METHODS

ELISA assay. Salivary gland extract (SGE) was prepared
from field caught female Ae. albopictus and Ae. atlanticus/
tormentor mosquitoes. Mosquitoes were cold anesthetized,
washed in 70% ethanol, and placed in phosphate buffered
saline (PBS), pH 7.2, for salivary gland dissection. After dis-
section, salivary glands were placed in a solution of PBS plus
proteinase inhibitor (cOmplete ULTRATablets, Mini, EDTA-
free, EASYpack; Roche Diagnostics, Indianapolis, IN) and
were allowed to freeze at −80°C and thaw at 4°C four times
to induce cell rupture and release of proteins; the resulting
SGE was kept in PBS at −80°C until used. Protein concen-
tration was determined using the Thermo Scientific Nano-
Drop™ (Thermo Fisher Scientific, Wilmington, DE) and the
Bradford method (Bio-Rad Protein Assay; Bio-Rad, Hercules,
CA). We prepared a total SGE concentration of 2 mg/mL for
Ae. atlanticus/tormentor and 1.2 mg/mL for Ae. albopictus.
From these concentrated SGE solutions, a final concentra-
tion of 1 μg/mL was prepared in coating buffer (Kierkegaard
and Perry Laboratories, Gaithersburg, MD) to coat each
ELISA plate.
Working conditions for the ELISAwere optimized according

to our previous research.21 On the basis of the results
from the titration, 96-well ELISA plates (Nunc-Maxisorp;
Nalgene Nunc International, Rochester, NY) were coated
with 100 μL/well of 1 μg/mL of SGE prepared in coating
buffer and incubated overnight at 4°C. After rinsing once
with 1× PBS, plates were blocked for 1.5 hours with 5% dry
milk in PBS (blocking buffer) (Invitrogen, Carlsbad, CA) at
37°C and incubated with 100 μL/well of 1/100 serum dilu-
tion in blocking buffer at 37°C for 2.5 hours. Plates were
washed three times with wash solution (1× PBS containing
0.1% Tween) and incubated with 100 μL/well of goat anti-
human IgG diluted 1:1,000 horseradish peroxidase (HRP)–
conjugated antibodies (Caltag Laboratories, Burlingame, CA)
at 37°C for 1.5 hours. Color development was obtained
using 100 μL/well tetramethylbenzidine (TMB, one-solution
microwell; GenScript, Piscataway, NJ) incubated for 15 min-
utes at room temperature. The reaction was stopped with
100 μL/well of stop solution (1 M phosphoric acid), and absor-
bance was measured at 450 nm on an Eon Biotek (BioTek
Instruments, Inc., Winooski, VT) using Gen5 v2.0 software.
Each sample was tested in duplicate.
Three controls were included in each plate: 1) control blank:

two wells without SGE to control for nonspecific induction
of color for any of the reagents used in the test; 2) negative
control: two wells with SGE but without human serum to
control for any nonspecific color induction of the coating
antigen; and 3) positive control to correct for plate-to-plate
variations. The positive control was a pool of sera from two
insectary workers exposed to Aedes spp. mosquito bites on a
weekly basis during landing collections made for mosquito
surveillance or maintenance of mosquito colonies in an insec-
tary. Positive control optical density (OD) values from each
plate were recorded and averaged. This average was then
divided by each plate positive control OD value to obtain a
“calculation factor” for that respective plate. To correct for

plate-to-plate variations, we then multiplied each sample OD
value by their respective plate calculation factor to obtain
normalized OD’s.
Polyacrylamide gel electrophoresis and immunoblotting. SGE

(30 μg) was mixed 1:1 with 2× Laemmli buffer consisting of
65.8 mMTris-HCl, pH 6.8, 2.1% sodium dodecyl sulfate
(SDS), 26.3% (w/v) glycerol, 0.01% bromophenol blue, and
5% 2-mercaptoethanol. The SGE mixture was then loaded
into each well of a 12% preparative polyacrylamide minigel
using tris/glycine/SDS (Bio-Rad) along with 5 μL of a
prestained molecular weight marker (Precision Plus Protein™

10–250 kDa Kaleidoscope™; Bio-Rad) in the designated ladder
well and electrophoresed at 90 V for approximately 2.5 hours
and subsequently transferred using Trans-Blot® Turbo™

Transfer System to a polyvinylidene fluoride (PVDF) mem-
brane (Mini PVDF Transfer Packs 7 × 8.5 cm PVDF mem-
branes; Bio-Rad) utilizing the 7 minutes “Mixed Molecular
Weight” program. Membranes were blocked overnight with
blocking buffer and incubated with pooled sera from study
participants diluted to 1:100 in blocking buffer for 2 hours at
room temperature. Each membrane was washed 5× with
wash solution (1× PBS and 0.1% Tween 20; Bio-Rad) and
incubated with HRP-conjugated Goat Anti-Human IgG
diluted to 1:1,000 in blocking buffer for 1 hour at 37°C.
Color development was obtained with the HRP chromogenic
substrate TMB (Novex®; Invitrogen). Band corrected density
was measured using myImageAnalysis Software version 1.1
(Thermo Fisher Scientific Inc., Rockford, IL). This software
uses an algorithm to automatically select and identify lanes
and band boundaries for calculation of densitometric values.
Study subjects. All of the study subjects were enrolled in a

previously described double-blind RCT examining effects of
permethrin-treated uniforms on the incidence of tick bites in
North Carolina outdoor workers. Study participants were
recruited from 24 parks, 7 wildlife resource offices, and 21 for-
estry service offices. In brief, subjects were block-randomized
with 1:1 allocation to treatment or control groups. Subjects
sent all of their spring and summer work uniforms (shirts,
pants, shorts, hats, and socks) directly to the treatment facil-
ity where they were either impregnated with permethrin or
sham treated.18 Subjects provided serum samples at enroll-
ment, after 1 year and after 2 years. Serum samples were
taken in the low-transmission season between October 1
and March 15 starting in October 2010 and ending in March
2013. Of the 159 subjects enrolled, paired serum samples
(from two time points, separated by 6–12 months) were only
available for 64 subjects. For western blots, four pools of sera
were tested: 1) control group year 1; 2) control group year 2;
3) treatment group year 1; and 4) treatment group year 2.
Study participants self-reported mosquito bites during each

year of the study. Frequency of mosquito bites was recorded
as a three-level categorical variable: never, sometimes, and
often. For analysis purposes, we only considered study par-
ticipants reporting “never” and “often” categories.
Statistical methods. Change in levels of antibody to mos-

quito salivary proteins was our primary outcome. Data were
entered into Microsoft Excel 2010 (Microsoft, Redmond,
WA) and analyzed in SAS, version 9.2.2 (SAS, Cary, NC).
Mean antibody levels were calculated. Histograms of the
mean values did not approximate normal distributions (either
as a whole or in subgroups), so they were log-transformed for
further analysis. Differences in the logs of the mean value
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were calculated for each subject for each species of mosquito
and analyzed using the Student t test. An α of 0.05 was used
to determine statistically significant associations.

RESULTS

Determination of assay detection limit. Using a positive
control, the ELISAs were linear for both Ae. albopictus and
Ae. atlanticus (r2 = 0.95 and 0.97, respectively) with detection
limits of 1:1,600 for Ae. atlanticus and 1:800 for Ae. albopictus.
Identification of Ae. atlanticus immunogenic salivary

proteins by western blot. The Ae. atlanticus salivary gland
extract contained proteins ranging from approximately 20 kDa
to > 250 kDa (Figure 1A). Western blot analysis showed at
least 12 Ae. atlanticus salivary proteins recognized by the
pooled sera from study participants. However, one protein
of approximately 50 kDa showed noticeable changes in
density levels between the control and the treatment group
before and after the intervention (Figure 1B).
Antibody to SGE in study subjects. Serum samples were

taken from study subjects in the late fall and winter, before
and after periods of exposure to mosquito bites. Sixty-four
subjects had paired serum samples, as expected, antibody
levels to both species of mosquitoes increased substantially.
For Ae. atlanticus, 60 of 64 individuals showed increases in
antibody levels. The median log increase over a year was 0.99
(SD = 0.729, range = −-0.639–2.90). For Ae. albopictus, 63 of
64 individuals had increased antibody levels. The median log
increase was 0.95 (SD = 0.622, range = −0.026–2.867). Thus,
the quantity of antibodies that bind to these salivary proteins
increased approximately 10-fold during the time the study
subjects would have been exposed to mosquito bites. To test
for cross-reactivity between Ae. atlanticus and Ae. albopictus,
we evaluated the antibodies against specific salivary proteins
in the sera of one specific participant in the control group by
western blot (Figure 2). We found that this participant serum
reacted against a 200-kDa protein in the Ae. albopictus SGE,
whereas responses to a 100 kDa and an 80 kDa were only visi-
ble in the blot of Ae. atlanticus SGE. These results showed the

presence of specific proteins with low or no cross-reactivity
between these two species. Other bands of approximately
120 kDa and 60 kDa were present in both species.
Effects of uniform type on anti-SGE antibodies. Of the

subjects, 29 (45%) were in the group wearing LLPI uniforms
and 35 (55%) were in the control group (Table 1). The mean
change in Ae. atlanticus antibody levels among those in the
control group was 1.16 (range = −0.63–2.90, SD = 0.75) and
in comparison, changes in antibody levels for the treatment
group averaged 0.82 (range = −0.64–2.83, SD = 0.67). The
difference trended to statistical significance (t = 1.94, P value =
0.056). The mean change in Ae. albopictus antibody levels
among those in the control group was 1.25 (range = 0.22–
2.87, SD = 0.66) and 0.84 (range = −0.03–1.83, SD = 0.50)

FIGURE 1. (A) Western blot results with pooled sera from participants in the control and treatment group against Aedes atlanticus/tormentor
salivary gland extract (SGE). (B) The IgG response against a 55-kDa protein was significantly reduced after implementation of protective clothing
in the treatment group.

FIGURE 2. Salivary proteins in salivary gland extract (SGE) prep-
aration from Aedes atlanticus/tormentor (ATL) and Aedes albopictus
(ALB). (A) Silver stain of salivary proteins. (B) Western blot of pro-
tein recognized by serum from a participant in the control group.
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among those in the treatment group. At an α of 0.05, differ-
ences between the mean change in Ae. albopictus antibody
level was statistically significant between the treatment and
control groups (t = 2.86, P value = 0.0058). However, in year 2,
these differences were not observed. Differences between
control and treatment group in year 1 were roughly 0.3 and
0.4 logs, for Ae. albopictus and Ae. atlanticus, respectively, or
the equivalent of 2- to 2.5-fold higher.
Antibodies to SGE and self-reported mosquito exposure. At

the end of each season, subjects were asked how often they
were bitten by mosquitoes the previous season, and could
choose between “never,” “rarely,” “occasionally,” or “fre-
quently.” About one-third of subjects reported being bitten
frequently. No association was found between subjects self-
categorized in this manner and changes in antibody level.
However, no statistically significant associationwas seen between
these self-reported categories and treatment group, either.

DISCUSSION

The goal of this study was to determine whether LLPI
clothing protects against mosquito bites using antibody to
mosquito SGE as a surrogate marker. Antibody levels to
both Ae. albopictus and Ae. atlanticus SGE increased by a
log (10-fold) between serum samples taken before and after
peak mosquito seasons, as would be expected. These
increases differed between study subjects wearing LLPI uni-
forms and control uniforms. The difference was approximately
0.3–0.4 logs, or 2- to 2.5-fold. This finding suggests that LLPI
clothing protected against mosquito bites.
LLPI clothing has the potential to be a sustainable method

for the prevention of mosquito-borne diseases, because it
does not require constant retreatment. In field studies, self-
impregnation of clothing with permethrin was protective
against disease in short-term studies,10–12 but not in long
term.13 LLPI clothing has been previously shown to be effec-
tive in laboratory settings5 and to retain mosquito knock-
down efficacy for up to 20 washes.9,33 Here, we find evidence
from the field that LLPI clothing protects against mosquito
bites for at least 1 year. The absence of significant protection
from LLPI in year 2 is consistent with what was observed
with tick bites.18 Further studies are planned to determine
the duration of bioefficacy.
LLPI clothing is efficacious against other arthropod vectors,

such as ticks and chiggers, as has been demonstrated in two
U.S. studies17,18 and in a recent German study.6 Work byWilder-
Smith and others indicate that LLPI clothing would be a cost-
effective and acceptable means of preventing dengue.34,35

Biomarkers may be the only way to quantitate mosquito
bite exposure in field studies. There have been a number of
studies on the validity of IgG antibodies against mosquito
salivary proteins as biomarkers for mosquito bite expo-
sure.21,24–30 Although the different studies have all used dif-
ferent methods to assess immune response to mosquito
salivary proteins, all suggest that antibodies to mosquito sali-
vary proteins are effective biomarkers of exposure. Further
research is needed to determine how quickly anti-salivary
protein immunity wanes, and exactly how changes in anti-
body concentration correlate with the frequency of mosquito
bites. Nevertheless, the marked increase in anti-SGE titers
between samples taken before and after peak exposure season
suggests that a strong correlation exists between this change
in antibody titer and mosquito exposure.
This study has several limitations. First, less than half of the

subjects in the RCT provided paired serum samples, so this
could have introduced selection bias. Second, many of the par-
ticipants could have been bitten by mosquitoes during nonwork
hours. Thus, LLPI clothing may have had a larger effect than
noted here. Third, pre- and postexposure serum samples were
drawn at different intervals for different subjects, since we had
to visit workers in sites spread across eastern North Carolina.
However, the effect of this variation is likely to be non-
differential. Finally, although we had good compliance
among outdoor workers18 who wear uniforms, LLPI clothing-
based public health interventions might be more difficult to
implement among populations who do not wear uniforms.
In summary, we conducted a secondary analysis of samples

from subjects in a RCT comparing outdoor workers who wear
LLPI uniforms to those who do not. Our results suggest that
LLPI clothing provides substantial protection from mosquito
bites for a year. Further studies evaluating its protective effi-
cacy against mosquito-borne diseases are warranted.
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