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Abstract.

Plague, a fleaborne rodent-associated zoonosis, is a neglected disease with most recent cases reported

from east and central Africa and Madagascar. Because of its low incidence and sporadic occurrence, most of our
knowledge of plague ecology, prevention, and control derives from investigations conducted in response to human
cases. Long-term studies (which are uncommon) are required to generate data to support plague surveillance, prevention,
and control recommendations. Here we describe a 15-year, multidisciplinary commitment to plague in the West Nile
region of Uganda that led to significant advances in our understanding of where and when persons are at risk for plague
infection and how to reduce morbidity and mortality. These findings provide data-driven support for several existing
recommendations on plague surveillance and prevention and may be generalizable to other plague foci.

INTRODUCTION

Plague is arguably among the most significant diseases in
human history, having caused three major pandemics that
claimed millions of human lives, transformed public health
policy, and had a notable impact on commerce and social
structure.’ Although improvements in sanitation and treat-
ment have reduced morbidity and mortality, the disease has
not been eradicated and continues to cause panic and in-
ternational concern when outbreaks occur.*® In modern
times, plague has a nearly global distribution, but in recent
decades, the majority of plague cases have been reported
from east and central Africa and Madagascar.®

Plague is characterized by long periods of apparent quies-
cence that are disrupted by epizootic periods in which rodents
often die in large numbers, forcing their potentially infectious
fleas to seek alternative hosts, including humans. Human
plague outbreaks are typically associated with these epizootic
periods. Where and when threatening epizootics will occur
remain largely unpredictable. Field investigations conducted
in response to plague cases have contributed significantly to
our knowledge of plague ecology and epidemiology, and
these findings suggest rational recommendations for early
detection of plague outbreaks (surveillance), prevention, and
control. Unfortunately, data-driven evidence to support them
is limited. Although many themes are generalizable across
global plague foci (e.g., reducing human contact with rodents
and their fleas reduces plague cases), understanding the local
ecology is paramount to successful early detection and timely
implementation of effective prevention programs.

For 15 years that spanned interepizootic and epizootic
periods, the U.S. CDC has partnered with the Uganda Virus
Research Institute (UVRI) in the plague-endemic West Nile
region (WNR) of Uganda to 1) improve plague diagnostics
and epidemiological surveillance; 2) understand when and
where persons are at elevated risk for acquiring plague in-
fection; and 3) identify key hosts and vectors involved in local
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transmission, which was ultimately used to 4) develop, evalu-
ate, and implement effective and locally acceptable environ-
mental surveillance and prevention strategies. To emphasize
the value of long-term applied public health field studies, we
concisely synthesize the main findings and key lessons learned
from a decade and a half of plague research in Uganda.

Description of the study area. The CDC-UVRI plague
studies were conducted primarily in Vurra and Okoro counties,
located within the Arua and Zombo (formerly Nebbi) districts,
respectively, of the WNR in northwestern Uganda (Figure 1).
The counties border the well-established plague focus in Ituri
District within Orientale Provence in the Democratic Republic
of Congo (DRC).” Arua and Zombo districts are roughly
bisected by the Rift Valley escarpment with elevation ranging
from 626 to 1,668 m; plague cases occur most commonly at
higher elevations, which are typically wetter and cooler com-
pared with lower elevation sites. Within these districts, ap-
proximately 90% of the population reside in rural areas, and
nearly 60% live in Ugandan government-defined poverty. A
majority of the population relies on subsistence farming to
make a living.®

The study area is situated in a climatic transition zone be-
tween the drier East African plateau and the wetter Congo
Basin. Rainfall patterns are between the unimodal and bi-
modal distributions characteristic of the Sahel and of equa-
torial East Africa, respectively. Variation in average monthly
temperature is fairly minor ranging from 21.8°C in August to
25.4°C in February. The primary rainy season spans from
approximately August through November and is followed
by the dry season that spans December through February.
The secondary, less predictable rainy season typically spans
March through May.®™""

Human plague case occurrence in the WNR. Until re-
cently, plague cases were diagnosed clinically and seldom
with support of laboratory diagnostics, yielding a high degree
of uncertainty in the distribution and occurrence of cases. As a
result, when the first autochthonous cases of plague occurred
in the WNR is poorly defined. As of 1949, plague cases were
reported mainly from southern Uganda. Although occasional
cases were reported as far north as Masindi, those were likely
acquired in southern Uganda.12 On the basis of oral histories,
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Ficure 1. Predicted areas of elevated risk for plague (gray stippling)'® in the West Nile region of Uganda and neighboring Democratic Republic of
Congo (DRC). Location of the area of interest within East Africa is shown in the inset.

it is estimated that plague cases have been reported in what
was then Nebbi district since at least the 1960s. Reportedly,
cases in this district often followed those in the neighboring
DRC. Soon after being recognized in Nebbi district, cases
appeared in adjoining Arua district.®

Beginning in 1999 in Arua and Nebbi districts, a uniform
reporting system was initiated that required clinics to record all
consults and presumptive diagnoses. Retrospective review of
records from 31 health facilities revealed 1,859 locally ac-
quired plague cases reported from January 1999 through
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December 2007, of which 1,783 (96%) were considered sus-
pect and 76 (4%) probable. Interannual variability in case oc-
currence was considerable with a mean of 199 cases per year
and a range from 11 to 445 cases.'* When in 2008 the UVRI
Arua laboratory began routinely confirming suspect plague
cases using standard diagnostics,'® accuracy in estimating
the true burden of disease in the WNR was improved. From
2008 to 2016 in Arua and Zombo districts, 255 plague cases
were reported, of which 140 (55%) were classified as sus-
pected, 37 (15%) as probable, and 78 (31%) as confirmed.
Interannual variation was considerable during this time period
with nearly 60 confirmed cases reported in 2008 and none in
2010, 2014, and 2016-2018."%"7

Despite a high degree of interannual variability in plague
case counts, each of the published epidemiological studies
from the WNR reported seasonal consistency in case
occurrence.' 13141817 plague cases were most common
during the longer of two rainy seasons, with most reported in
October and November. Also consistent among studies,
plague patients often observed rat die-offs near their pre-
sumed exposure site before onset of illness.® 417

Assessing where and when persons are at greatest risk
for exposure to Yersenia pestis. Understanding predic-
tors of when and where humans are at greatest risk for ex-
posure to Y. pestis can aid in targeting limited public health
resources allocated for plague surveillance and prevention.
When coupled with other ecological and epidemiological
data, such information can provide insights into which local
host and vector species play significant roles in epizootics
and contribute to elevated human risk. These data can also
identify behaviors and seasonal activities that put persons at
elevated risk.

A series of models were developed to identify environmental
predictors of where plague cases were most likely to occur in
the WNR.%14181® |mplementation of routine laboratory con-
firmation of plague cases, improvements in mapping potential
exposure sites, and development of a regional climate
model'® aided in improving spatial precision, reliability, and
the area of interest of the models. From this series of models,
several consistent trends emerged. Specifically, plague cases
1) were more common in western parishes, suggesting that
the West Nile focus represents the eastern edge of a larger
focus centered in the DRC (Figure 1), 2) were more common at
higher elevation sites that are typically cooler and wetter than
lower elevation sites, and 3) were associated with predictors
consistent with areas where growth of annual crops, as op-
posed to perennials, is common.

Asingle study that sought to explain interannual variability in
plague case counts showed that the number of annual sus-
pect plague cases was negatively associated with dry season
rainfall (December-February) and positively associated with
rainfall before the plague season (June and July)."" These
same predictors were later found to correlate with seasonal
abundance of potentially important Y. pestis reservoirs, Arvi-
canthis niloticus and Crocidura spp.2° Together, these find-
ings suggest that changes in host abundance likely linked to
climatic variables may contribute significantly to seasonal and
interannual differences in plague occurrence.

In general, the findings of these models were consistent with
those from other plague foci, such that rainfall patterns were
found to influence spatial, seasonal, and interannual occur-
rence of plague cases.'??24 However, given the global

variability in whether rainfall is positively or negatively asso-
ciated with case occurrence and at what time scale empha-
sizes the need for long-term studies within regional plague foci
that aim to understand how climatic factors affect local
transmission of Y. pestis. In the WNR, higher elevation sites
that were associated with elevated risk for plague exposure
had similar vertebrate host abundance and diversity as well as
similar numbers of fleas infesting hosts compared with lower
elevation sites where plague cases have not been reported.
However, flea diversity, which is likely associated with tem-
perature and humidity, was significantly higher at the cooler
and wetter high elevation sites. The presence of multiple
vector species that have different environmental tolerances
may serve to create a more connected vector-host network to
facilitate Y. pestis persistence during interepizootic periods.?
Thus, while changes in host abundance appear to contribute
to seasonal and interannual differences in plague occurrence,
flea diversity may play an important mechanistic role in de-
fining the plague focus.

The spatial risk models also suggested that agricultural
practices, which likely also correlate with food storage prac-
tices, influence plague risk, and this was further elucidated in a
series of studies focused on vector and host ecology and hu-
man behavior.®26-28 |n theory, availability of food crops could
increase rodent abundance in these areas, and if crops are later
stored in homes, they could draw field rodents and their fleas
into homes increasing the risk of human encounters with fleas
and rodents."® Supporting this theory, later studies in the WNR
showed that growth of annual crops, such as maize, and stor-
age of food crops in huts were associated with elevated plague
risk.'®27 Moreover, food storage inside huts where persons
sleep is common practice in the region, owing in part to con-
cerns about food theft when stored in outdoor granaries.?527

In addition to identifying environmental correlates of when
and where persons are at elevated risk for plague infection,
additional potential risk factors were identified in a village-level
case-control study.?” Although rat abundance was similar
inside huts within case and control villages (villages where
plague cases were or were not reported, respectively), contact
rates between rats and humans (as measured by rat bites), and
host-seeking flea abundance were higher in case villages.
Compared with controls, cases more often reported sleeping
onreed or straw mats, storing food in huts where people sleep,
owning dogs and allowing them into huts where people sleep,
storing garbage inside or near huts, and cooking in huts where
people sleep. Compared with cases, controls more commonly
reported replacing thatch roofing and growing coffee, toma-
toes, onions, and melons in agricultural plots adjacent to their
homesteads. Rodent and flea control practices, knowledge of
plague, distance to clinics, and most care-seeking practices
were similar between cases and controls.

Small mammals and fleas collected in and around
homes. Changing host composition might explain why plague
cases are now reported in the WNR where they were appar-
ently absent nearly a century ago. Surveys conducted in the
late 1930s in the WNR showed that two common and effective
Y. pestis vectors, Xenopsylla cheopis and Xenopsylla brasi-
liensis,® were established in the region, but the roof rat, Rattus
rattus, was absent at that time.'? Although we cannot rule out
the possibility that Y. pestis was circulating in sylvatic cycles
before recognition of human cases, the introduction of
R. rattus and its establishment as the primary hut-dwelling
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species, replacing Mastomys sp., might explain changes in
human risk of exposure to Y. pestis.?®

Recent field surveys revealed that R. rattus is the pre-
dominant small mammal captured within huts.16:2%:27-34
R. rattus is known to be susceptible to Y. pestis and is often
viewed as an important amplifying host.® Indeed, Y. pestis
has been isolated from numerous R. rattus carcasses from
the WNR,®® but serological evidence to suggest they survive
plague infection in this region is lacking. These rats are com-
monly infested with X. cheopis or X. brasiliensis, which are
known Y. pestis vectors.>3® Inside huts, cat fleas are the
predominant host-seeking flea,?”?83" however, laboratory
studies have demonstrated that cat fleas are largely nuisance
biters.3® Because they seldom take blood meals from rodents,
and are inefficient vectors of Y. pestis, they are not believed
to be important bridging vectors from zoonotic hosts to hu-
mans, thus emphasizing the need to continue to focus control
efforts on rat fleas.3"%8

How Y. pestis is maintained during interepizootic periods
and what ecological changes trigger transitions to epizootics
has been debated for decades and remains poorly defined; itis
likely that several mechanisms are important and may vary by
location and time.®® In the WNR, host and flea diversity in-
crease with distance away from huts, supporting the prevail-
ing hypothesis that in east Africa, Y. pestis is maintained in
enzootic cycles in the bush and that the bacteria occasionally
spill over to rats in the hut environment.2”~2° Seroprevalence is
typically low (< 1%) in small mammals. However, positive re-
sults from Arvicanthis niloticus and Crocidura spp. showing
previous exposure to Y. pestis suggest the involvement of
these hosts in the perpetuation of the transmission cycles.28 In
addition, the heavy flea infestation and diversity of fleas
infesting A. niloticus, as well as the observation that their
abundance increases seasonally inside the plague focus, but
not outside, provides support forthe assumption thatitis akey
host in Y. pestis transmission outside of homes.2%:27-2°

Environmental surveillance and plague prevention.
Plague occurs sporadically and at low incidence, and re-
sources for surveillance and prevention often compete with

TaBLE 1

other diseases of greater incidence, stressing the need for
environmental surveillance and control approaches to be
low cost or provide additional collateral public health benefits.
Similar to other global plague foci, human exposure to
Y. pestis inthe WNR likely occurs most commonly in the home
environment. A series of studies sought to evaluate hut-based
prevention strategies focusing on control of vector fleas or
rodents (Table 1).3%34

Rodents negatively affect human health and economics,
particularly in developing countries where they pose a dual
threat by damaging crops and stored foods and act as res-
ervoirs of human pathogens including those causing plague,
rat bite fever, leptospirosis, Lassa fever, murine typhus, sal-
monellosis, and campylobacteriosis. As described earlier,
rodents are common inside of homes in the WNR. Recent
surveys have revealed that villagers commonly see rats in their
homes, rat bites are not uncommon, and villagers often prac-
tice some form of rodent control (e.g., poisons or traps, hanging
food so it is out of reach of rodents), demonstrating a willing-
ness to invest limited resources into rodent control; however,
rodent abundance is similar between households that re-
portedly practice some form of rodent control and those that do
not, suggesting current practices are insufficient. 262740

Aplague prevention strategy that effectively reduces rodent
abundance in and around homes could yield positive impacts
beyond plague risk mitigation. However, such strategies have
generally proven to be unaffordable or labor-intensive and
likely unsustainable. A pilot study from the WNR showed that
food storage modification practices could reduce rodent
abundance in homes, but the quantity of food stored and cost
of the storage devices severely limited the benefits and fea-
sibility of the approach. Another study showed that intensive
use of relatively inexpensive and reusable lethal rodent traps
effectively reduced rodent abundance in homes. However,
use of multiple trap types was needed to achieve success, and
control was short-lived after trapping efforts ceased.®*

Vector control, specifically indoor residual spraying (IRS) of
long-lasting insecticides following protocols developed for
malaria control, significantly reduced flea loads on hut-dwelling

Strengths and weaknesses of environmental surveillance and plague prevention strategies evaluated in the West Nile region of Uganda

Strategy Strengths Weaknesses
Surveillance
Flea index'® Reasonable predictor of plague risk season Labor-intensive, poor predictor of plague activity
at spatial and temporal scales feasible for
implementation
Rat fall®® Directly detects Yersinia pestis, rather than a proxy, Requires access to sensitive and specific Y.
broad spatial coverage, timely results, engages pestis diagnostics
community members; good spatial precision
Prevention

Rodent-proof food
storage
Rodent removal®
human-rat encounters

Indoor residual
insecticide
spraying®'

Flea control on
rodents®0-33
management training

Reduces rodent abundance in homes, potential to
reduce food insecurity and contamination
Collateral benefits of food protection, reduction in

Reduces abundance of fleas and other biting
arthropods for at least 100 days

Low cost, if commercially available likely marketed
to homeowners not requiring special pest

May be cost-prohibitive, labor-intensive

Multiple-trap types, consistent implementation
needed; control is short-lived after trapping
efforts ceased

Costly; requires specialized training to apply; for
widespread use, need to consider chemical
rotation to prevent evolution of insecticide
resistance

Short duration flea control, few collateral health
benefits
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rodents for at least 100 days postapplication.®! Such a strategy
should effectively reduce flea abundance in homes throughout the
duration of the plague season and provide added benefits of re-
ducing abundance of other nuisance arthropods and diseases
vectors. Widespread preventive indoor residual spraying is not
likely to be economically feasible in this setting, cannot be imple-
mented by residents due to the restricted nature and hazards of the
chemicals used, and, if not managed effectively, could contribute to
the evolution of insecticide resistance, which could undermine
emergency control efforts. Nonetheless, IRS has been recom-
mended and adopted by district Ministry of Health authorities on a
limited basis as an emergency control strategy after recognition of
plague in humans or rats. Altemative strategies that focused on
ridding rodents of fleas either through delivery of insecticidal
compounds via oral baits or spot-on applications were also shown
to be effective, although with varying durations of residual
activity.2>*® As an advantage, these approaches use altemative
modes of action in the insecticides delivered compared with those
used in IRS and therefore should not impose selection pressures to
fix resistance to compounds used for emergency vector control.
These practices might be attractive locally because they are rela-
tively low cost, and do not require specialized training to apply, but
they convey fewer synergistic health or quality-of-life benefits
compared with IRS or rodent control.

When plague epizootics are recognized early, preventive
measures including vector control, healthcare provider aware-
ness, and community sensitization can be deployed to reduce
human morbidity and mortality. Despite a long-standing belief
that elevated flea loads, specifically a fleaindex > 1, are indicative
of elevatedrisk for plague epizootics and human exposure, in the
WNR, this labor-intensive surveillance strategy had limited
spatial coverage and poor predictive power.'® Compared with
surveillance focused on the flea index, community-based sur-
veillance focused on recognizing and reporting dead rats (rat fall
surveillance, RFS) had broader spatial coverage, was less labor-
intensive, yielded more timely results, and directly detected
plague bacteria, rather than focusing on a proxy.16:3%

Built on the observations that most plague patients reported
seeing dead rats before the onset of plague symptoms,'*'7in
2012, a trial RFS program was implemented in the WNR in an
effort to identify plague activity before reports of human cases
and to rapidly mobilize prevention and control activities. The
program engaged the community to report sightings of dead
rats that were tested for Y. pestis by the UVRI Arua laboratory.
In response to plague-positive submissions, IRS was imple-
mented in affected villages to reduce flea abundance in
homes, healthcare provider awareness and training were
implemented, and community education was initiated to raise
awareness of ongoing risk, prevention, and the importance of
seeking care rapidly if symptoms consistent with plague
occur. Recent surveys suggest variability across the WNR
regarding the percentage of villagers who understand accu-
rately how the infection is spread and signs and symptoms of
infection, and surveys revealed that although the majority of
respondents seek care at local health clinics, others also use
drug shops and traditional healers, underscoring the need for
continued community sensitization and training of a wide
variety of providers.2”*° Local enthusiasm for the program,
which has continued for more than 6 years, is evident as in-
dicated by village participation expanding significantly
through word of mouth to villages not initially recruited for
participation. Among the villages where plague activity was

detected and IRS conducted, no additional Y. pestis—infected
carcasses were submitted within 2 months of IRS applications,
and no human cases were reported from affected villages.®®
Sustainability of this program, or successful adaptation of the
concept in other plague endemic areas where R. rattus is a key
amplifying host should be possible but is dependent on gener-
ating and sustaining community engagement, access to
accurate diagnostics, effective insecticides, and a network
of healthcare providers trained in the diagnosis and treat-
ment of plague.

CONCLUSIONS

This long-term, multidisciplinary commitment to plague in
the WNR led to significant advances in our understanding of
where and when persons are at risk for plague infection and
how to reduce morbidity and mortality. These advances pro-
vide data-driven support for several existing recommenda-
tions on plague surveillance, control, and prevention; have
guided efforts away from less effective or less economical
interventions; and may be generalizable to other plague foci.
This long-term multidisciplinary collaboration greatly en-
hanced national and local public health infrastructure by de-
veloping a broadly trained public health workforce at UVRI as
well as many individuals at all health center levels, including
the community village health teams. The benefits of this pro-
gram are more far-reaching than can be gleaned from the few
published studies reviewed here. Specifically, improvements
in laboratory capacity resulted in improved accuracy and
availability of diagnostic testing and enabled accurate de-
tection of Y. pestis in rodent carcasses that guided prevention
activities. Clinician and community education efforts raised
awareness of signs and symptoms of plague, the importance
of early care-seeking, and appropriate evidence-based
treatment of plague infections. Knowledge gained from
studies on plague ecology, environmental risk, and control
have enabled CDC, UVRI, and the Uganda Ministry of Health
to improve efficiency of surveillance and control efforts and to
target them to populations at elevated risk. As plague was
designated a priority zoonotic disease by the Uganda Ministry
of Health, the suites of studies described herein built capacity
to assist Uganda in achieving their Global Health Security
goals and improving WHO Joint External Evaluation scores.*'
This program represents a model for capacity-building for
other priority zoonotic diseases in Uganda and elsewhere.
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