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Background: Cockroach allergens are well recognized as
important risk factors in the development and prevalence of
allergic rhinitis and asthma in children, especially in low-income
urban households. The German cockroach gut hosts a diverse
community of highly abundant microbes, including gram-negative
bacteria that shed large amounts of endotoxins in cockroach feces.
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Objective: We sought to delineate the causal relationship
between the presence of cockroaches in homes and levels of
household endotoxins.

Methods: In laboratory assays, we measured the amount of
endotoxin produced by cockroaches. In-home monitoring
estimated the size of the cockroach population in each home and
quantified cockroach allergen Bla g 2 and endotoxin levels in
household dust and on heating, ventilating, and air-conditioning
(HVAQ) filters. An environmental intervention was
implemented in a subset of the infested homes to eliminate
cockroaches. Bla g 2 and endotoxin levels were quantified for 6
months after the intervention.

Results: Large amounts of endotoxin are excreted by female
(2900 endotoxin units [EU]/mg feces) and male (1400 EU/mg)
cockroaches. At baseline, household dust and HVAC filters in
infested homes had significantly higher levels of allergen (Bla g
2) and endotoxin than uninfested homes. Environmental
intervention resulted in significant declines in cockroaches as
well as allergen and endotoxin levels. In contrast, cockroach
numbers and allergen and endotoxin concentrations remained
high in infested-control homes.

Conclusions: Cockroaches are a significant source of both
endotoxins and potent allergens, potentially resulting in
coexposure of asthmatic children to both. (J Allergy Clin
Immunol Global 2026;5:100571.)
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Exposure to indoor allergens has been associated with an
increased risk of allergic sensitization and asthma.'*” The German
cockroach, Blattella germanica, is the most common and persis-
tent indoor pest in low—socioeconomic status (SES) communities,
and exposure to cockroaches has been linked to sensitization and
the development of IgE-mediated allergic rhinitis and asthma.”
Because cockroach allergens are perennial, triggering indoor
asthma year-round, sensitization to cockroach allergens has
been identified as one of the strongest risk factors for the develop-
ment of asthma in low-SES urban populations.”® Cockroach al-
lergens were detected in 85% of inner-city urban homes, where
60% to 80% of children with asthma are sensitized to cockroaches
based on positive skin tests.”* Indeed, a causal relationship be-
tween cockroach allergens, allergic responses, and asthma has
been well established for nearly 5 decades. The causal relation-
ship between cockroach allergens, allergic responses, and asthma
has been confirmed in multiple studies,”'? as well as by environ-
mental interventions,'>'® and even by the translocation of asth-
matic children from a high-poverty urban neighborhood with
high cockroach allergens to a low-poverty neighborhood with
significantly lower cockroach allergen levels.'’

More than 20 different inhalant allergen groups have been
identified from cockroaches, including the most investigated Bla
g 1 and Bla g 2 from B germanica.”'® However, the immune
response to cockroach allergens is not dominated by 1 or a few
major allergens, as for mite, cat, rodent, and mold allergens,
and nearly 20% of cockroach-sensitized subjects do not respond
to any of the known cockroach allergens.*'’ The reasons for these
unusual patterns are unknown, but it has been suggested that the
abundance, distribution, stability, and possibly molecular proper-
ties of cockroach allergens might play a role. Moreover, allergies
to cockroaches might be clustered with and exacerbated by other
indoor triggers or adjuvants, such as volatile organic compounds
and microbial contaminants. Herein, we present evidence that
cockroaches excrete not only allergens, but also endotoxins, re-
sulting in coexposure to both in the indoor environment of
cockroach-infested homes.

Several observations motivated us to investigate the idea that
cockroaches excrete not only the well-investigated allergens, but
also endotoxins. First, endotoxins, the lipopolysaccharide (LPS)
component of the outer membrane of all gram-negative bacteria,
have proinflammatory effects,””"*' and inhalation of endotoxins is
linked to fever, headaches, wheezing, nose and throat irritation
and respiratory tract inflammation.””> Second, Mendy et al*’
examined the clustering patterns of endotoxins with various aller-
gens in house dust and their association with asthma outcomes in
the homes of 6963 participants. They found that high endotoxin
levels were clustered with cockroach, Aspergillus, dust mite,
and rodent allergens in low-SES homes. Third, the German cock-
roach hosts a diverse and highly abundant gut microbiome domi-
nated by gram-negative bacteria.”* As cockroaches defecate,
molt, and die, they spread considerable amounts of live microbes
and their cellular components, including endotoxin, into the home
environment. Indeed, cockroaches shape the indoor microbiome,
as evidenced by observations that the bacterial communities in in-
fested apartments overlap more with those in cockroach gut than
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with uninfested homes.”* Fourth, a preliminary study indicated
that German cockroaches excrete large amounts of endotoxin.”
Fifth, recent research has documented that when weakly aller-
genic proteins are coadministered to mice together with endo-
toxin, the animals become sensitized to the allergen and
develop allergic asthma on subsequent exposure to it.”® Thus,
endotoxin appears to function as an environmental adjuvant,
potentiating the effects of allergens. Finally, several studies
have shown that the elevated allergen burden in cockroach-
infested homes can be mitigated by interventions that eliminate
cockroaches.'*"'° However, endotoxin levels in homes have never
been analyzed in relation to cockroach infestations, and the out-
comes of eliminating cockroaches on endotoxin levels have not
been investigated. Therefore, the main goal of this study was to
quantify the relationship between cockroach infestation size
and cockroach allergen and endotoxin levels before, during, and
after implementing environmental interventions that reduced or
eliminated the cockroach populations in low-SES homes.

METHODS
Laboratory studies of endotoxin in cockroach feces
A colony of the German cockroach was reared at 27°C and a
photoperiod of L12:D12 hours and provided with water and
rodent chow (Purina 5001 Rodent Diet; PMI Nutrition Interna-
tional, St Louis, Mo). Feces were collected from 4-day-old adult
male and nongravid female cockroaches. To collect feces, 10
male and 10 female cockroaches were placed in separate 90
mm X 10 mm sterile plastic Petri plates and provided only with
water so as not to contaminate the dish with food-based
endotoxin; feces were collected for 24 hours. Each of these
treatments was replicated 5 times. The fecal material was stored at
—20°C until further analysis for endotoxin.

Study design

Recruitment and treatment groups. The North Carolina
State University Institutional Review Board approved this study.
Before participation, adult participants (>21 years old) provided
informed consent.

The study was conducted in 2018-2019 in Raleigh, North
Carolina. Cockroach-infested and uninfested homes were re-
cruited in the same low-SES multiunit housing communities
within the city limits of Raleigh (Fig 1, A). The apartments re-
mained occupied throughout the study period. On the initial visit
(baseline), homes were sampled for cockroaches with traps
(Victor Roach Pheromone Traps; Woodstream, Lititz, Pa) for 1
to 3 days to estimate the relative size of cockroach infesta-
tions.'**” Four traps were deployed in the kitchen, 4 in 1
bedroom, and 4 in the living room (Fig 1, B). To be eligible to
participate in the study, trap catch needed to be >10 cockroaches
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FIG 1. Study design and images of cockroaches in infested homes. (A) Study design showing various
stages of recruitment, eligibility, enrollment, assignment to the 3 arms of the study, and study progress
over 6 months. (B) Typical cockroach trap catch showing (from left to right) 4 kitchen traps, 4 bedroom traps,
and 4 living room traps. (C) Cockroaches and cockroach feces (black specks) on the back of a refrigerator. (D)
Cockroaches and cockroach feces behind and under a refrigerator. (E) Cockroaches and cockroach feces on
the air register (return) of the HVAC system. (F) Cockroaches and cockroach feces in a kitchen cabinet
showing bait placements and cockroaches feeding on the bait.

per home per day (infested group) or zero to 1 cockroach trapped
(uninfested group). In each enrolled home, the cockroach counts
obtained during the recruitment home visit were used as baseline
counts. Based on their infestation status, 37 residences were
enrolled, 29 homes into the infested arm and 8 homes into the un-
infested arm of the study (Fig 1, A). The 29 cockroach-infested
homes were further divided into 2 treatment groups: infested-
control (no intervention; 14 homes at baseline; 4 homes withdrew
from the study, and 10 homes were retained for 6 months) and
infested-intervention (cockroach control; 15 homes). Of the 4
homes that withdrew from the study, 3 did so after baseline sam-
pling and 1 after the 3-month sampling. The available data from
the homes that withdrew were included in the analyses.
Intervention, follow-up, and sampling. The homes in
the intervention group were treated with US Environmental
Protection Agency-registered commercial insecticidal gel baits
(see Table E1 in this article’s Online Repository available at www.
jaci-global.org) immediately after the baseline sampling. Because
cockroaches are often distributed throughout the home (Fig 1,
B-F),'*" small dabs of bait (approximately 0.1-0.2 g each)
were placed throughout the entire home in areas where cock-
roaches tend to aggregate (Fig 1, F). Our goal was to eradicate
the cockroaches; therefore, depending on trap counts, a different
bait was applied in subsequent visits, as needed. The cockroach
traps were set again 3 and 6 months later (Fig 1, A). Homes in
the infested-control group (no bait intervention) received a thor-
ough courtesy intervention after the final sampling at 6 months.

House dust was sampled in all homes at baseline and 3 and
6 months later. Settled dust was collected for 2 minutes along
the perimeter of the kitchen floor of each home with a Eureka
Mighty-Mite 9.0-ampere vacuum cleaner (Eureka Company,
Bloomington, I11) fitted with a Dustream collector and filter (40
pm; Indoor Biotechnologies Inc, Charlottesville, Va). Similar
sampling was conducted along the perimeter of 1 bedroom.
Airborne dust was collected from the heating, ventilating, and air-
conditioning (HVAC) filter in each home. At each visit, a new
HVAC filter (Filtrete MPR 600, MERYV 7; 3M, St Paul, Minn) was
installed and recovered after 1 month. In the laboratory, dust was
collected from the filters using the same Eureka vacuum cleaner
fitted with a Dustream sampler and stored until further anal-
ysis.zx’zo Vacuumed floor dust samples were sieved through a 450
mesh nylon sieve to remove large particles and stored at —20°C
until further use. The dust samples were weighed before and after
sieving.

Bla g 2 analysis

Weighed sieved dust samples were added to PBS containing
0.05% Tween-20 and 1.0% BSA at a concentration of 50 mg/mL.
Samples were briefly vortexed and mixed end to end on a
laboratory rocker (24 rpm, Model 88861041; Fisher Scientific,
Waltham, Mass) for 2 hours at room temperature and centrifuged
at 2500g for 20 minutes at 4°C. Supernatants were decanted into
new tubes and stored at —20°C. Bla g 2 concentration in samples
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was measured using a monoclonal capture and polyclonal detec-
tor (antibodies: mAb 7C11; polyclonal rabbit anti Bla g 2; perox-
idase conjugated goat anti-rabbit IgG) ELISA (Indoor
Biotechnologies) as described by Pollart et al.”” The lower limit
of detection was 0.78 ng/mL, and the allergen concentration is re-
ported as nanograms of Bla g 2 per gram of dust (ng/g).

Endotoxin analysis

Endotoxin was extracted and analyzed following the National
Health and Nutrition Examination Survey (NHANES) protocol.*
The homogenized individual dust samples were accurately weighed,
and pyrogen-free water + 0.05% Tween-20 solution was added at
a concentration of 50 mg dust/mL. Dust samples with lower avail-
ability (< 5 mg) and cockroach fecal samples were extracted at a con-
centration of 5 mg/mL. The samples were gently shaken for 1 hour
at room temperature (22°C) on an orbital shaker (200 rpm, Model
361; Fisher Scientific) and centrifuged at 600g for 20 minutes at
4°C. The supernatants were collected and used for endotoxin
quantification.

The extracts from individual dust and fecal samples were
analyzed at 4 dilutions for endotoxin with Lonza reagents using
the Kinetic Chromogenic LAL (kQLAL) assay, as described by
Thorne®' for the NHANES study. The increase in absorbance of
samples was measured at 405 nm every 30 seconds over 90 mi-
nutes using a SpectroMax microplate reader and Softmax Pro
5.4 analysis software (Molecular Devices, Sunnyvale, Calif).
The samples were evaluated against a 12-point standard curve us-
ing Escherichia coli 055:B5 control standard endotoxin (Lonza).
Endotoxin concentrations in fecal samples are reported in endo-
toxin units (EU) (EU/mg feces or EU/insect/day). Endotoxin con-
centrations in dust are reported in EU/mg of dust with a lower
limit of detection of 0.005 EU/mL.

Statistical analysis

Statistical analysis was performed in JMP Pro 17.0 for
Windows (SAS Institute, Cary, NC) and Stata Release 9 (Stata
Corp LB, College Station, Tex). Descriptive statistics were
summarized as median, range, minimum and maximum, and
missing samples for each variable separately by time point.
Cockroach counts are represented by the number of cockroaches
trapped per day rounded up for kitchen and bedroom separately
and the total counts for the whole residence (kitchen, bedroom,
and living room combined) for each home. The cockroach data
were analyzed using count +1 to enable geometric mean (GM)
calculations and log-transformation with 0 counts. All the dust
samples from the 3 treatment groups collected at the baseline
and 3- and 6-month time points were analyzed for allergens and
reported by location, ie, kitchen, bedroom, and HVAC filter.
Half of the lower limit of detection for Bla g 2 (8 ng/g dust)
was added to samples that had allergen levels below the detection
limit. Due to the limited availability of dust, endotoxin concentra-
tions were analyzed only for baseline and 6-month samples. As
the cockroach count, Bla g 2, and endotoxin data were not nor-
mally distributed (Shapiro-Wilk test), the statistical analysis
was done on loglO-transformed values. We used full factorial
repeated measures ANOVA, with apartment as a random effect
for assessing the within-apartment variance of repeated measures
over time for each sampling location (kitchen, bedroom and
HVAC filter). We used the Satterthwaite approximation to
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calculate degrees of freedom. Tukey honestly significant differ-
ence (HSD) test was used for multiple comparisons between the
main effects treatment, time, and treatment X time interaction
for cockroach counts and Bla g 2 data, and Student ¢ test was
used for endotoxin data. Spearman correlation was used to assess
correlations between cockroach numbers and allergen and endo-
toxin levels in household dust. All analyses were 2-tailed, and P <
.05 was considered statistically significant. Data are presented as
GM = 95% CI of the mean.

RESULTS
Large amounts of endotoxins excreted by German
cockroaches

Our laboratory studies showed that adult female cockroaches
produced significantly more fecal mass per day than adult male
cockroaches (7 test, tg = 13.11, P <.001) (Fig 2, A), consistent
with their higher food consumption.’”** The mean endotoxin
concentration in female cockroach feces was 2900 EU/mg,
more than twice the endotoxin concentration in male feces
(1400 EU/mg) (g = 5.62, P <.001) (Fig 2, B). On average,
each male and female German cockroach disseminates approxi-
mately 750 EU/day and approximately 5000 EU/day in its feces,
respectively (Fig 2, C).

Effective interventions eliminate cockroach
infestations

A mixed factorial model indicated significant effects of
treatment (F2’30_3 = 5952, P < 0001), time (F2,60.3 = 4540,
P <.0001), and treatment X time interaction (F4g604 = 18.37,
P <.0001). At baseline, the GM of total cockroach trap counts
was 47.2 (95% CI = 33.9, 65.8) per home per day in the 29 in-
fested homes, and there was no significant difference in the total
cockroach count per home between the infested-control (n = 14)
and infested-intervention (n = 15) arms of the study (Tukey HSD
test, P = .9945). More cockroaches were trapped in kitchens
(41.8; 95% CI = 30.3, 57.7) than in bedrooms (3.8; 95% CI =
2.4, 6.1), consistent with the ecology of the German cockroach.

In the kitchens, there were significant effects of treatment
(F231.4=61.14, P <.0001), time (F 6,7 = 40.77, P <.0001), and
treatment X time interaction (Fy 615 = 16.83, P <.0001). In the
infested-intervention homes, the GM cockroach counts were
significantly reduced from 35.9 (95% CI = 22.5, 57.4) cock-
roaches at baseline to 1.3 (95% CI = 0.9, 1.8) at both 3 and 6
months (96.4% decline, P <.0001) (Fig 3, A). The median counts
followed a similar pattern, declining from 39.0 at baseline to zero
at both 3 and 6 months (Table E2 in the Online Repository at
www.jaci-global.org). In the infested-control homes, the GM
cockroach counts also decreased, but only moderately, from
49.1 (95% CI = 30.0, 80.3) at baseline to 18.3 (95% CI = 6.5,
51.4) at 3 months (P = .0885) and 15.3 (95% CI = 5.2, 45.1) at
6 months (P =.0212) (Fig 3, A); the respective medians followed
a similar pattern (Table E2).

Although the cockroach counts in bedrooms were significantly
affected by treatment (I, ;5.0 = 8.47, P =.0031), time (F5 40,1 =
6.55, P =.0035), and treatment X time interaction (F4 491 = 5.77,
P = .0009), they were approximately 10-fold lower than
in kitchens. The cockroach counts in infested-intervention
bedrooms significantly decreased over the 6-month period
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FIG 2. Cockroaches excrete large amounts of endotoxin in their feces. (A) Amount of feces (mean + SE) pro-
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feces (mean + SE). (C) Amount of endotoxin produced per cockroach per day (mean + SE). n = 5 adult fe-
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FIG 3. Effects of an environmental intervention on cockroach trap counts over the 6-month study period.
(A) Kitchen. (B) Bedroom. Data are presented as GM + 95% Cl of cockroach trap counts (+1 to account
for zeros) per day in the 3 treatment groups. Pvalue for the mixed-factorial ANOVA is shown. Treatments
were compared with Tukey HSD test, and means that do not share lowercase letters are significantly

different.

(P <.0001), in contrast to a slight increase in cockroach counts in
the infested-control bedrooms (Fig 3, B).

Overall, the targeted single intervention was highly effective at
reducing cockroach populations in highly infested homes. Based
on zero cockroach counts at 6 months, cockroaches were
eliminated from 12 of 15 intervention homes. The 8 uninfested-
control homes remained uninfested throughout the 6-month
study.

Allergen levels decline on cockroach elimination
Fig 4, A and B (also see Table E3 in the Online Repository at
www.jaci-global.org), reports the GM Bla g 2 concentrations
(ng/g sieved dust) in settled dust in the kitchen and bedroom by
treatment group and sampling time. The respective medians and

ranges are reported in Table E4 (in the Online Repository at
www.jaci-global.org). The mixed factorial model indicated sig-
nificant effects of treatment (F,34, = 17.61, P <.0001), time
(F263.6 = 3.79, P = .0277), and treatment X time interaction
(Fa637 = 6.48, P = .0002) in the kitchen. At baseline, the
GM Bla g 2 concentration was significantly higher in the kitchen
dust of cockroach-infested homes (1359 ng/g; 95% CI = 956,
1934; n = 29) than in uninfested homes (89.8 ng/g;
95% CI = 14.6, 551; n = 8) (Tukey HSD test, P <.0129); no
significant difference was observed at baseline between
infested-control and infested-intervention homes (P = 1.0000).
In subsequent sampling, however, Bla g 2 concentrations in
kitchen dust gradually increased in the infested-control homes
to 2814 ng/g by 6 months (n = 10, P = .8677), but it decreased
significantly in the intervention homes at both 3 months
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FIG 4. Effects of an environmental intervention on Bla g 2 allergen concentrations in household dust.
(A) Kitchen. (B) Bedroom. (C) HVAC filter. Household settled dust was vacuumed from kitchens and bed-
rooms, and dust was collected from HVAC filters in 3 treatment groups over a 6-month period. Data are pre-
sented as GM = 95% Cl. Bla g 2 was quantified (ELISA) from dust samples collected at baseline (0 month),
3 months, and 6 months. Pvalue for each mixed-factorial ANOVA is shown. Means that do not share lower-

case letters are significantly different.

(142.2ng/g,n = 15, P =.0002) and 6 months (128.7 ng/g, n = 15,
P = .0001), resulting in a 10-fold decline from baseline to
6 months (Fig 4, A; Table E3).

Albeit less pronounced, a similar trend in Bla g 2 concentration
was observed in the bedroom dust of infested homes during the
6-month period (treatment [F,3,, = 12.69, P < .0001], time
[F1586 = 0.15, P = .8603], and treatment X time [F4557 = 3.05,
P = .0235]) (Fig 4, B). The Bla g 2 level in the uninfested-control
homes remained significantly lower (P < .001) than in the
infested-control homes throughout the study.

We also detected significant effects of treatment (F,257 =
24.70, P <.0001) and time (F 538 = 12.73, P <.0001) and mar-
ginal effects of treatment X time interaction (Fys537 = 2.48,
P = .0550) on Bla g 2 levels in the HVAC filter dust in
cockroach-infested homes. Bla g 2 in HVAC filters significantly
declined in the intervention homes by 3 months (P = .0047)
and 6 months (P <.0001), respectively (Fig 4, C). Bla g 2 concen-
trations were below the detection limit (< 0.78 ng/mL with < 16
ng/g dust extracted) in 4 of 8 kitchens, 7 of 8 bedrooms and nearly
all HVAC filters in uninfested-control homes throughout the
6-month study, as well as in 3 of 15 infested-intervention homes
at 3 months and 5 of these 15 homes at 6 months after cockroaches
were reduced or eliminated.

Endotoxins in relation to cockroach infestation

To understand the causal link between cockroaches and
endotoxin levels in homes, we analyzed the settled dust collected
at baseline and 6 months from the kitchens and bedrooms of
infested and uninfested homes. Overall, we observed large
variation in the endotoxin levels between homes and between
locations within each home. Regardless of treatment, the GM
endotoxin levels in kitchen dust were higher than in bedroom dust
(Fig 5, A and B; Table ES5 in the Online Repository at www.jaci-
global.org). The respective medians and ranges are reported in
Table E6 (in the Online Repository www.jaci-global.org). For
kitchen dust, the mixed factorial model indicated a significant ef-
fect of treatment (F, 573 = 4.06, P =.0287) on endotoxin concen-
tration but not of time (Fyg = 3.17, P = .0884) and
treatment X time interaction (F,,30 = 1.08, P = .3571). At

baseline, higher levels of endotoxin were found in both the
kitchens and the bedrooms of cockroach-infested homes than in
uninfested homes (Fig 5; Table E5). At 6 months, the endotoxin
level in kitchen dust remained high in the infested-control homes
(185.7 EU/mg), whereas it declined significantly in the infested-
intervention homes to 69.0 EU/mg (¢ test, P = .0459) (Fig 5, A;
Table ES5), nearly to the level in uninfested-control homes
(54.9 EU/mg) and consistent with the elimination of cockroaches.
Even though the endotoxin concentration in bedrooms was
higher in infested homes, no significant effect was observed
for treatment (F, 3,5 = 2.08, P = .1417), time (F; 290 = 0.08,
P = .7773), and treatment X time interaction (F;290 = 1.36,
P = 2714). A slight increase in endotoxin was observed in
bedroom dust in infested-intervention homes at 6 months, but it
was not significantly different from the baseline level. No signif-
icant difference was observed in the endotoxin level in the unin-
fested homes, which remained lower than in the infested homes at
both time points (Fig 5, B). Endotoxin levels in HVAC filter dust
were low and highly variable, and no discernible pattern was
evident for the effects of treatment (F, 595 = 0.32, P = .7255),
time (F(; 257y = 0.69, P = .4127), and treatment X time interac-
tion (Fp5s56) = 0.49, P = .6178); nevertheless, a trend toward
increasing endotoxin level was detected in the infested-control
homes (Fig 5, C).

We conducted correlation analyses of cockroach trap counts
versus Bla g 2 concentrations and endotoxin concentrations
across all apartments at all time points. In kitchen dust, Bla g 2
concentration (Spearman correlation, p; 10, = 0.612, P <.0001)
and endotoxin concentration (p;ss = 0.515, P < .0001) were
significantly correlated with the kitchen cockroach trap counts
(Fig 6, A and B). Because HVAC filters represent whole home
air, we correlated total cockroach counts (kitchen, bedroom,
and living room) to HVAC filter results. We observed a highly
significant correlation between HVAC filter Bla g 2 concentration
and whole home cockroach trap counts (p; 93 = 0.773, P <.0001)
(Fig 6, C). However, there was no significant correlation between
HVAC filter endotoxin concentration and cockroach counts
(p1,s7 = 0.141, P = .2884) (Fig 6, D).

We also conducted correlation analyses of Bla g 2 concentra-
tions versus endotoxin concentrations across all apartments at all
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FIG 5. Effects of 6-month environmental intervention on endotoxin con-
centrations in household dust. (A) Kitchen. (B) Bedroom. (C) HVAC filter.
Settled dust was vacuumed from kitchens and bedrooms, and dust was
collected from HVAC filters in 3 treatment groups at baseline (0 month)
and 6 months later. Data are presented as GM + 95% CI. P value for each
mixed-factorial ANOVA is shown. *Significant difference (P < .05) between
respective baseline and 6-month samples.

time points. In kitchen dust, we observed a highly significant
positive correlation between Bla g 2 concentration and endotoxin
concentration (p; ss = 0.466, P = .0002) (Fig 5, E). However,
the correlation in HVAC dust was not significant (p; s4 = 0.214,
P =.1130) (Fig 5, F).

DISCUSSION
Exposure to endotoxins in the home environment has been
linked to respiratory health and asthma in both antagonistic and

g 34-37 . :
synergistic ways.” ' Early life exposure to endotoxins was shown
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to have a protective effect on children growing up in agricultural
settings.”*"’ However, endotoxins along with cockroach allergens
are among several important predictors associated with childhood
asthma and are often detected at higher concentrations in the house
dust of asthmatic children in low-SES households. Previous studies
found associations between endotoxin and cockroach allergen
levels (eg, Mendy et al*), and their causal relationship has been
suggested.”” However, the role of cockroaches as sources of endo-
toxin has not been investigated directly or experimentally in the
home environment. In this study, we strategically analyzed cock-
roach allergen (Bla g 2) and endotoxin levels in settled and
HVAC filter dust of uninfested and cockroach-infested homes
before and during an intensive environmental intervention that
eliminated cockroaches in most homes. Thus, positive correlations
between the severity of cockroach infestations, cockroach allergen
concentrations, and endotoxin concentrations strongly implicate
the pivotal role of cockroaches as major sources of both allergens
and endotoxins. This causal link is further supported by the large
amounts of endotoxin that we quantified in cockroach feces, pro-
duced by their diverse and highly abundant gram-negative
commensal microbial communities.”

Our study demonstrated that an effectively deployed single
intensive environmental intervention can significantly reduce or
eliminate indoor cockroach populations, corroborating previous
findings.'*'®*' The cockroach counts in the intervention group
reached near zero by month 3 of the study and remained at zero
until the end of the study at month 6. Our intervention targeted
the whole home, so the cockroach counts declined in both the
kitchen and the bedroom. Although the cockroach counts in
the infested-control homes remained significantly higher than in
the intervention homes, they trended downward in kitchens
throughout the study. This could be due to seasonal effects. How-
ever, because we have seen a similar effect in previous interven-
tions.'” we suspect that it is related to social interaction. Homes in
all 3 arms of the study were often next-door neighbors. It is
possible that noticeable cockroach declines in nearby homes
inspired cleaning and insecticide use in control homes.

Bla g 2 is a potent allergen that was shown to have the highest
sensitization among cockroach allergens, " it was associated with
cockroach-specific IgE and higher lymphocyte proliferative re-
sponses in younger children,™** and it has a sensitization threshold
of 40 ng/g dust; 80 ng/g dust has been associated with symptoms and
morbidity.”® The baseline allergen concentrations in all the
cockroach-infested homes in our study were well above the Bla g 2
sensitization threshold. Settled dust in infested kitchens had
17-fold more Bla g 2 (1526 ng/g) than uninfested kitchens
(89.8 ng/g), and infested bedrooms (308.3 ng/g) had 20.8-fold
more Bla g 2 than uninfested bedrooms (14.8 ng/g). Thus, Bla g 2
levels were highly correlated with cockroach counts at baseline,
consistent with previous studies.'*'° Allergen levels were signifi-
cantly reduced in the intervention homes as cockroaches were elim-
inated. At 6 months, the allergen levels in many of the intervention
homes declined below the lower detection limit. In some homes,
however, Bla g 2 remained above the detection limit, likely because
Bla g 2 and other cockroach allergens are highly persistent, and in the
absence of more extensive abatement (eg, extensive cleaning), reser-
voirs of cockroach allergens, such as behind large appliances (Fig 1,
C and D), can redistribute to other parts of the home. In contrast,
allergen levels in the infested-control homes remained high and
even increased during the 6-month study. These patterns were consis-
tent in settled dust in the kitchens and bedrooms of these homes, as
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FIG 6. Correlations between the cockroach infestation (trap counts per day) and indoor Bla g 2 allergen and
endotoxin concentrations. (A, B, and E) Kitchen. (C, D, and F) HVAC filter. Correlations between trap counts
(+1) in the kitchen and Bla g 2 concentration (ng/g) in settled kitchen dust (A) and endotoxin concentration
(EU/mg) in settled kitchen dust (B). Correlations between whole-home cockroach trap counts and Bla g 2
concentration (ng/g) in HVAC filter dust (C) and endotoxin concentration (EU/mg) in HVAC filter dust (D).
Correlations between Bla g 2 concentration and endotoxin concentration in the kitchen (E) and HVAC filter
(F) of each home. Spearman p and P value are shown.



J ALLERGY CLIN IMMUNOL GLOBAL
VOLUME 5, NUMBER 1

well as in HVAC filter dust, highlighting the utility of HVAC filters as
a convenient approach for measuring a temporal and spatial average
of relative air-borne allergen concentration in homes.”

It is noteworthy that the marginal declines in cockroach counts
in the infested-control homes had minimal effects on allergen
concentrations. In a previous study, 1 intervention arm reduced
cockroach counts by approximately 82% at 6 months. However,
both Bla g 1 and Bla g 2 concentrations remained high and not
significantly different from baseline levels.'” We suspect that a
nominal decrease in cockroaches is not sufficient to reduce
allergen levels, as live cockroaches continuously excrete fresh al-
lergens. Rather, cockroaches need to be eliminated to effect sub-
stantial declines in cockroach allergens. Regrettably, cockroach
counts are rarely reported in asthma intervention studies, so out-
comes (ie, allergen decline, health outcomes) cannot be linked to
the efficacy of the cockroach intervention.

Thorne et al*’ noted a positive correlation between endotoxin
levels and self-reported cockroach problems. Likewise, the
NHANES study found a significant positive correlation between
high endotoxin concentrations and allergen levels from various
sources, including cockroaches in the homes of asthmatic chil-
dren.” Major sources of indoor endotoxins include pets, humans,
and environmental bacteria from both outdoor and indoor environ-
ments. However, the role of persistent pests as sources of household
endotoxins has not been considered. At the baseline sampling,
endotoxin concentration in settled floor dust was highly variable
across homes, ranging from 15.5 EU/mg to 1410 EU/mg in kitchens
and 7.0 EU/mg to 354.1 EU/mg in bedrooms. The respective GM of
endotoxin in infested homes were 176.9 EU/mg (kitchen) and 48.8
EU/mg (bedroom), and in uninfested homes 88.2 EU/mg (kitchen)
and 23.5 EU/mg (bedroom). These are much higher concentrations
than the highest GM of 23.96 EU/mg dust reported by the NHANES
study in a cluster of mainly low-income homes,”” but consistent
with findings in New York City low-income homes of 75.9 EU/
mg in bedroom dust.*® Thus, the levels of endotoxin in low-SES
homes in Raleigh, North Carolina, and New York City appear to
be more similar to each other and much higher than those obtained
in national surveys that include a wide range of SES households.

There have been fewer studies of endotoxins in HVAC filters,
but 1 study found median concentrations of 29 EU/mg and 33.9
EU/mg (summer and winter, respectively) in low-income homes
in Central Texas,"” lower than the values reported here at baseline.
Although we recognize that comparisons of endotoxin concentra-
tions across studies can be misleading due to variations in collec-
tion and extraction techniques, large and broadly distributed
populations of the German cockroach are more common in
low-SES urban homes, and our findings underscore that they
contribute significantly to the endotoxin load in these homes.

As with allergen levels, the endotoxin concentration in infested
homes dramatically declined to 69.0 EU/mg in the kitchen, as
cockroaches were eliminated, whereas no major changes were
observed in the endotoxin levels in uninfested and infested-
control homes. This 53% decline due to the intervention resulted
in a significant positive correlation between the severity of the
cockroach infestation (trap counts) and the endotoxin levels in
kitchen dust. This correlation highlights a causal link between the
presence of cockroaches and high levels of indoor endotoxin and
the importance of cockroaches as a major source of endotoxins in
the home environment, as documented for allergens.

Although endotoxin levels in the bedrooms of infested homes
were in general higher than in uninfested homes, there was no
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major effect of the intervention on the bedroom endotoxin levels.
We suspect that these results were confounded by 2 major factors.
First, the cockroach populations in bedrooms were much smaller
than in kitchens, so a single intervention targeting only cock-
roaches might be less impactful in the bedroom. Second, carpeted
floors in bedrooms can serve as reservoirs for endotoxins (and
allergens),” requiring extensive postintervention cleaning to re-
move dead cockroaches, their feces, and endotoxins. In contrast,
hard flooring in the kitchen is much easier to clean and less condu-
cive to retention of dust and associated biocontaminants.

As mentioned earlier, the immunomodulating effect of endotoxin
can both increase and decrease allergy and asthma risk, depending
on the timing of exposure during childhood, exposure severity, and
various other factors including environmental setting (farm vs
nonfarm) and genetics. The protective effects of endotoxin appear
to be most evident with low-level exposures early in life and mainly
in farming communities, where coexposure to other environmental
factors (eg, diverse environmental microbiome, contact with farm
animals) might play a significant role.”****! In nonfarming commu-
nities, and particularly in low-SES homes, coexposure to high levels
of allergens, endotoxins, and other pollutants appears to drive
adverse asthma outcomes in both children and adults, with no evi-
dence of a protective role for endotoxins. Indeed, the association
of endotoxin and allergens with higher prevalence of asthma is
well documented in low-SES homes.”*"-?

The German cockroach is the most prevalent and important
pest species in low-SES homes. Our results confirmed that
cockroaches excrete large amounts of endotoxin in their feces,
so a typical large infestation of thousands of cockroaches can
deposit millions of endotoxin units in an infested home. It is
unknown what fraction of the fecal endotoxin becomes inhalable,
but it is reminiscent of Bla g 1 and Bla g 2, which are also excreted
by cockroaches and become airborne as aeroallergens, as
evidenced by the presence of 6.3- to 11.0-fold more Bla g 2 in
HVAC filters in infested than uninfested homes.

These findings are important because they link the German
cockroach to previously observed statistical associations between
cockroach allergens, endotoxins, and respiratory disease in low-
SES homes. Since the seminal observation decades ago that
cockroaches produce potent aeroallergens, cockroach allergens
have been recognized as clinically important triggers of allergic
airway diseases.” Likewise, exposure to endotoxins has been
associated with respiratory inflammation and asthma incidence.*
Coadministration of endotoxins and cockroach allergens syner-
gistically increased pulmonary inflammatory and systemic im-
mune responses in newborn and juvenile mice,’* suggesting
that endotoxins may exacerbate asthmatic symptoms in sensitized
individuals. Thus, concurrent exposure to high concentrations of
cockroach allergens along with indoor endotoxins may explain, at
least in part, epidemiologic observations that children in low-SES
homes have higher asthma incidence.

Therefore, development of effective and sustainable cock-
roach eradication and biocontaminant abatement tactics is
urgently needed. Our study highlights that effective home-
based environmental interventions eliminate cockroaches and
dramatically reduce exposure to cockroach-disseminated aller-
gens and endotoxins. These improvements in indoor environ-
mental quality have been shown to lessen asthma-associated
morbidity.“”’5 23% We conclude that environmental interventions
in cockroach-infested homes must expeditiously eliminate the
cockroach population as the first step of an integrated pest
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management program. Because of widespread insecticide resis-
tance, the effectiveness of the intervention must be objectively
assessed with traps or other quantitative protocols. Effective
environmental interventions, acting jointly with medical inter-
ventions, promise to lower the burden of asthma in low-SES,
resource-limited households.

Several related limitations of this study warrant consideration.
The first is that our study did not address whether our
environmental intervention would improve health outcomes in
cockroach-sensitized individuals. Instead, we sought to first
identify the sources of asthma triggers, then study their distribu-
tion, and finally apply this knowledge to future environmental and
clinical interventions to control or mitigate health impacts.
Therefore, this proof-of-concept report provides a compelling
rationale for follow-up clinical studies on whether targeted
interventions in the homes of asthmatic children would improve
health outcomes. A second, related limitation is the relatively
small sample size. Statistical power would significantly improve
with more homes in each of the 3 arms of the study, and by
extending the study to 12 months or beyond. Future studies in the
homes of asthmatic children will require more intervention and
control homes. Finally, personnel were not blinded to the
treatment in each home. Instead, we used only objective
assessments of the effectiveness of the intervention (trap catch,
dust samples, analytic measures).

Despite these limitations, our study revealed 3 novel findings.
First, cockroaches are a major source of endotoxins, which they
disseminate at levels seen only in certain occupational settings.
Second, an environmental intervention consisting exclusively of
cockroach elimination (ie, single rather than multifaceted inter-
vention) not only eliminated cockroaches, but also resulted in
significant declines in both cockroach allergens and endotoxin
levels in the intervention homes. Finally, our recovery of
endotoxins and cockroach allergens from HVAC filters indicates
that both biologic contaminants not only are in settled household
dust, but also become air-borne and thus inhalable.
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Key messages

o Cockroaches disseminate large amounts of allergens and
endotoxins in their feces.

Cockroach-infested homes have significantly higher endo-
toxin levels than uninfested homes.

Elimination of cockroaches from infested homes results in
striking declines not only in cockroach allergens, but also
in indoor endotoxin levels.

These findings explain previously noted statistical clus-
tering of elevated endotoxin and cockroach allergen con-
centrations, which were accompanied by high prevalence
of childhood asthma.

Efficient and cost-effective cockroach elimination should
be adopted as a pivotal first step for improving indoor
environmental health.
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