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Climate Change and Vectorborne Diseases
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HE EFFECTS OF CLIMATE CHANGE ARE WIDESPREAD AND RAPIDLY IN-

tensifying and are largely driven by greenhouse-gas emissions from burn-

ing fossil fuels.! Global mean temperatures have already increased by 1.1°C
since 1900,' with most of the change having occurred in the past 50 years. The
extent of change is most extreme in highland and polar regions (Fig. 1), and tem-
peratures in tropical regions are creeping closer to the thermal limits of many
organisms. Given the current policies and actions, a warming of 2.5°C to 2.9°C or
more by the end of this century is expected.’

Warming and other manifestations of climate change — including changes in
precipitation, with increased flooding in some areas and drought in others — have
important implications for vectorborne diseases through their effects on patho-
gens, vectors, and hosts, as well as on our ability to prevent and treat these dis-
eases (Fig. 2). Yet attributing changes in the distribution and frequency of vectors
and diseases to climate change is challenging because other factors, including
land-use changes,’® the abundance of reservoir hosts,* and control measures,> also
contribute to these changes. Furthermore, it may be difficult to distinguish be-
tween natural climate variability and human-influenced change,® although scien-
tific techniques to do so are emerging. Despite these complexities, it is clear that
the components of vectorborne disease systems, including pathogens, vectors, and
reservoir hosts, are highly responsive to the varied environments they inhabit and
that observed changes in the rates of vectorborne diseases at given locations are
often associated with concomitant changes in the local climate.

For example, warming temperatures affect the behavior, physiologic character-
istics, and life history of both vectors and pathogens as well as the abundance and
behavior of reservoir hosts and definitive hosts. The interactions among tempera-
ture, vector, and pathogen can change the risk of human-to-human disease spread
and of spillover to humans from reservoir hosts. Thermal performance curves il-
lustrate the ways in which temperature affects the physiological traits of patho-
gens, vectors, and reservoir hosts, which determine the rate of disease spread in a
susceptible population. These curves are commonly used to predict the potential
effects of rising temperatures resulting from climate change on vectorborne dis-
ease systems.” Curves for individual components of a disease system must overlap
in order for transmission to occur. Thermal adaptation, acclimation to a warming
climate, or both can potentially shift thermal performance curves and thermal
tolerance limits, with important implications for expansion of the geographic
range of certain diseases. Depending on their ability to adapt, vectors may no
longer carry certain pathogens or may carry new ones as climate-mediated ecosys-
tem changes bring different pathogens, vectors, and reservoir and human hosts
together.?
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Average Surface Air Temperature Change in the Past 50 Years
2011-2021 as compared with baseline mean temperatures from 1956-1976
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Figure 1. Mean Surface Air Temperatures.

Shown are mean surface air temperatures from 2011 to 2021 as compared
with baseline mean temperatures from 1956 to 1976. Adapted from the Na-
tional Aeronautics and Space Administration Goddard Institute for Space
Studies (https://data.giss.nasa.gov/gistemp/maps/index_v4.html).

CLIMATE-SENSITIVE VECTORBORNE
DISEASES

The Intergovernmental Panel on Climate Change
reported with high confidence that the preva-
lence of vectorborne diseases has increased in
recent decades and that the prevalences of ma-
laria, dengue, Lyme disease, and West Nile virus
infection in particular are expected to further
increase during the next 80 years if measures are
not taken to adapt and strengthen control strat-
egies.! Table 1 describes these and additional
examples of vectorborne diseases that are re-
sponding to a changing climate. Additional de-
tails are provided in Figure S1 in the Supplemen-
tary Appendix, available with the full text of this
article at NEJM.org.

MALARIA

Malaria, which is caused by plasmodium species
and is transmitted between humans by infected
female anopheles mosquitoes, is the most dead-
ly and most studied climate-sensitive vector-
borne disease. Despite control efforts, more
than 600,000 deaths were attributed to malaria
in 2020, predominantly among pregnant women
and young children in Africa.?® In many regions,
malaria is a seasonal or epidemic disease that
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responds to short-term changes in rainfall, hu-
midity, and temperature. Temperature increases
of 0.2°C per decade in the highlands of Colom-
bia and Ethiopia have been associated with the
spread of malaria to higher elevations in these
countries.>” The frequency of droughts is also
increasing as a result of climate change and may
reduce the prevalence of malaria in certain re-
gions. However, the broader effects of climate
change on local livelihoods, food security, and
migration may increase population vulnerability
to the disease and undermine the effectiveness
of control strategies, irrespective of the direct
effects of climate change on transmission.?®

DENGUE

In recent decades, the geographic range of den-
gue, the most common mosquito-borne viral
disease worldwide, has expanded substantially in
response to declining vector-control programs
and increasing global trade and travel.”® An esti-
mated 390 million cases occur each year in more
than 100 countries.*® The four serotypes of den-
gue virus are transmitted between humans —
the primary reservoir host — by infected female
mosquitoes, most commonly Aedes aegypti and
A. albopictus. Water-storage containers, which are
commonly used in regions where a piped water
supply is inadequate, or rainwater-filled contain-
ers (e.g., tires, pots, and tree holes) can become
mosquito breeding sites and can thus drive epi-
demics.?! Transovarial transmission of dengue
virus (from female mosquitoes to their off-
spring) and the long-distance dispersal of
drought-resistant aedes eggs in suitable contain-
ers facilitate efficient expansion of the virus
worldwide.*? The northward expansion of A. aegypti
and A. albopictus thus far is best explained by hu-
man movement patterns within regions in which
the climatic conditions are suitable for geo-
graphic expansion; however, by 2030, the domi-
nant cause of expansion of these vectors is pre-
dicted to be climate change.®® The differential
ability of A. aegypti and A. albopictus to survive
normally lethal temperatures may influence their
roles in future outbreaks.

LYME DISEASE

Lyme disease (which is caused by the Borrelia
burgdorferi sensu lato complex) is the most com-
mon tickborne illness worldwide, with an esti-
mated seroprevalence of 14.5%; the reported
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Rising levels of CO, and other greenhouse gases
from the combustion of fossil fuels (e.g., coal, oil, and natural gas);

other contributors include deforestation and agricultural practices

Warming of the global atmosphere

Warming of
the oceans

’lull'llllli

Changes in the timing, geographic range, intensity,
and trends of weather and climate Events

Rising

Melting
i sea levels

ice

Increase in
floods

Increase in
extreme
storms

Increase in
droughts

Increase in
temperatures
and heat
waves

Decrease in
hard frosts

IMPACTS

o Intrusion of salt water into
estuaries and aquifers,
favoring more salt-tolerant
species and resulting in
changes in transmission
dynamics

o Loss of livelihoods

o Supply-chain
interruptions

» Damage to critical
health-system
infrastructure

o Limitations in health-

system responses

o Increased population
vulnerability

o Creation or destruction
of potential vector breeding
sites

« Changes in host and reservoir
distribution and abundance

« Changes in human-reservoir—
host interactions

» Economic losses, undermining
investment in prevention and
control efforts

« Effects on thermal performance
and limits of pathogens,
vectors, and hosts, especially
at higher altitudes and
latitudes

« Longer disease-transmission
seasons

o Increased risk of antibiotic
resistance

 Population displacement
and migration

severe, or both.

Figure 2. Pathways between Fossil Fuels and Rising Greenhouse Gases and Vectorborne Diseases.

The climate experienced at any location and time represents a combination of natural climate variability and, increasingly, climate change.
As greenhouse gases accumulate and lead to increased global temperatures, extreme weather events are becoming more frequent, more

prevalence is highest in the temperate regions of
central and western Europe and East Asia.*
Without early treatment, infection can cause
debilitating multisystemic chronic disease.*

Worldwide, Lyme disease involves four dominant
tick species, although generally only one tick
species is important in any given region.*® Wide-
ranging reservoir hosts — including mammals
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(e.g., mice and squirrels), lizards, and birds —
are part of the ecologic complexities of this
disease; however, humans play no role in ongoing
transmission.® The life cycle and prevalence of
tick vectors, primarily Ixodes scapularis and L pacificus
ticks in North America and . ricinus and I. persul-
catus ticks in Europe, are strongly influenced by
the abundance of reservoir hosts and by the
ambient air temperature.>

Insurance records indicate that 470,000 cases
of Lyme disease were diagnosed and treated in
the United States during the period from 2010 to
2018, as compared with 329,000 cases during
the period from 2005 to 2010.¥. Lyme disease is
most common in the Northeast and rare in the
Southeast; although tick vectors are found in
both regions, variations in the host preferences
of the ticks (e.g., lizards or mice), in the host-
seeking behavior of the ticks, and in the tick
density help to explain this geographic pattern.3
The increases in Lyme disease cases in the
Northeast are largely attributed to the recovery
of white-tailed deer populations,* which are
critical hosts for adult stages of the tick vector;
however, increased human-tick interaction ow-
ing to the extended summer season resulting
from climate change also contributes to the
increases in cases. Warming temperatures have
been associated with the expansion of ixodes
ticks into Canada and Norway, with a corre-
sponding increase in cases of Lyme disease.!**

WEST NILE VIRUS INFECTION

West Nile virus causes potentially fatal neuroin-
vasive disease in humans and animals world-
wide.*® The virus is part of a complex ecosystem
that is centered around a bird—-mosquito trans-
mission cycle involving more than 300 bird spe-
cies and at least 65 mosquito vectors. Mammals,
including humans and horses, can be inciden-
tally infected. Human infections are mostly asymp-
tomatic but can cause life-threatening illness in
rare cases, predominantly in older adults and
in immunocompromised persons.*’

West Nile virus, which was first identified in
the United States (in New York City) in 1999, is the
leading cause of mosquito-borne disease in the
continental United States. During the period from
1999 to 2016, nearly 7 million persons were in-
fected.* The observed air temperature that re-
sults in a peak incidence of the virus among
humans across the country was found to be

24°C, which closely matches the temperatures
(which ranged from 24°C to 25°C) that were pre-
dicted by mechanistic models that were based
on vector and pathogen thermal performance
curves.*” Warming temperatures are expected to
shift transmission of this disease northward, as
is already occurring in Europe; local transmis-
sion was recently discovered in Germany after
unusually warm weather.*°

INEQUALITY AND VULNERABILITY

Climate change exacerbates inequalities, such as
those driven by systemic economic injustice.®
Persons living in less developed countries bear
the greatest burden of most vectorborne diseas-
es, a circumstance that reinforces health inequi-
ties and hinders socioeconomic development.
Poverty, inadequate housing, poor environmen-
tal conditions, and limited access to quality
health services exacerbate the effect. Children
are particularly susceptible,** owing in part to
the effects of malnutrition®; women and older
adults are also at increased risk. Vectorborne
diseases during pregnancy are associated with
particularly poor health outcomes among moth-
ers and newborns from low-income or otherwise
disadvantaged groups,** as evidenced by the
devastating effects of congenital infection with
Zika virus during the explosive epidemic of Zika
virus infection (which was spread by aedes mos-
quitoes) in Brazil in 2015.%

PUBLIC HEALTH INTERVENTIONS

Investments in surveillance and control have led
to improvements in the public awareness, detec-
tion, prevention, and treatment of vectorborne
diseases® and form the basis of adaptation strat-
egies for a changing climate (Fig. 3).! Specific
measures to be taken vary according to disease,
pathogen life cycle, and the level of risk and may
include a combination of enhanced and new
land-use management strategies, climate-informed
early-warning systems, improved access to pre-
vention measures (e.g., biologic mosquito con-
trol, personal protective measures, insecticides,
and vaccines), and new and improved therapies>
(Table 2). Figure S1 shows the projected benefits
of adaptation strategies with respect to vector-
borne disease rates. To be successful, interven-
tions must include sustainable funding, as well
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as community and household acceptance and
uptake. A 2017 survey of 1083 U.S. vector-con-
trol programs showed that 84% of the programs
were rated as “needs improvement” in one or
more core competencies (e.g., insecticide-resis-
tance testing).”® The same year, the Centers for
Disease Control and Prevention established five
regional centers of excellence to help respond to
emerging vectorborne diseases and to help create
a new generation of vector experts.*

Malaria highlights several challenges that
can occur in the implementation of adaptation
strategies. After two decades of concerted inter-
national and national investment and consistent
declines in malaria cases and malaria-related
deaths, worldwide funding has stagnated; ma-
laria is now resurgent in several countries, ow-
ing in part to increasing drug and insecticide
resistance and, to a lesser extent, to service dis-
ruptions resulting from the coronavirus disease
2019 (Covid-19) pandemic.*® Innovations are
needed to keep up with biologic and socioeco-
nomic challenges and to ensure equitable access
to high-quality treatment in low- and middle-
income countries.

The prevention of dengue and West Nile virus
infection relies mainly on community-level mos-
quito-control programs; the implementation of
such programs varies according to several fac-
tors, including funding and management.®!
Avoidance of the vector habitat during the trans-
mission season as a result of public communica-
tion has long been an important prevention
strategy for Lyme disease.®? Various personal pro-
tective measures (e.g., insect repellent and pro-
tective clothing) and tick-control strategies (e.g.,
the culling of deer) have been proposed as ap-
proaches to reduce the risk of Lyme disease, but
evidence of effectiveness is generally lacking.*

Vaccines have been successful in the preven-
tion of three vectorborne diseases: yellow fever,
Japanese encephalitis, and tickborne encephali-
tis.® Despite the fact that vaccines approved for
malaria® and dengue® in the past several years
have had only limited success, efforts are under
way to develop new and more effective vaccines
that target vectorborne diseases.®! A recent phase 2
trial showed the effectiveness of a single infu-
sion of a monoclonal antibody against Plasmodium
falciparum infection over a 6-month follow-up
period in Mali during malaria season.®® A for-

merly approved, effective vaccine for Lyme dis-
ease was withdrawn from the market,”” but a
new Lyme disease vaccine is currently being
evaluated in a phase 3 trial (ClinicalTrials.gov
number, NCT05477524). Similarly, a new dengue
vaccine has shown promise in a phase 3 trial,
and regulatory approval by European authorities
is being sought (NCT02747927). According to
the Intergovernmental Panel on Climate Change,
successful vaccine development and uptake —
although made more difficult by the growing
worldwide challenge of vaccine hesitancy —
have the potential to substantially offset the ef-
fect of climate change on vectorborne diseases.

Better surveillance data and climate-informed
early-warning systems are needed to enhance pub-
lic awareness, facilitate the targeting of resourc-
es (human and financial) for improved responses,’
and identify knowledge gaps and research needs.
Adaptation plans must be time-sensitive and
context-specific while also taking into account
factors such as shifting disease patterns, ex-
treme weather events, and current and future
climate variations and trends.?® This approach
will require collaboration among various sec-
tors, such as local health communities, urban
planners, and climate experts.®

IMPLICATIONS FOR CLINICAL
PRACTICE

Education of health professionals is needed with
respect to specific vectorborne diseases, particu-
larly in regions in which diseases are newly emerg-
ing or anticipated to emerge. In many locations,
clinicians are likely to see more cases of vector-
borne diseases during longer transmission sea-
sons, especially in regions with historically low
levels of transmission. Awareness of local changes
in disease rates and travel histories on the part
of clinicians is important.® The nonspecific
clinical manifestations of many vectorborne dis-
eases often make diagnosis difficult.” Strategies
for the prevention and treatment of vectorborne
diseases are reviewed in Table 2. To help address
the additional burden of health care delivery cre-
ated by a changing climate, health professionals
can advocate for more climate-resilient health
systems” and for programs that focus on the
current worldwide shortages of health profes-
sionals, including infectious-disease experts.
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Strong public policies
(e.g., housing and land-use regulations)

Vector and disease surveillance programs

Vector-control programs

Early-warning and monitoring systems

COMMUNITY TICK
)} CONTROL PROGRAM

Public-awareness and -engagement
campaigns

Community-Based Strategies Individual and Household Strategies

Awareness of the risk, signs, and symptoms
of vectorborne diseases in the community
or at travel destinations

Use of personal protective measures
(e.g., bed nets, window screens, insect
repellent, protective clothing, tick checks,
and vaccines)

Seeking of medical attention for

an acute febrile illness

(especially if signs and symptoms are
compatible with vectorborne disease([s]

in the community or at travel destinations)

Adherence to treatment plans

Figure 3. Key Adaptation Strategies for Responding to Vectorborne Diseases.

The panel on the left shows key community-based strategies for responding to the threat of vectorborne diseases.
These include public policies that regulate land use and home construction, both of which can affect vector breed-
ing sites and reduce the risk of indoor mosquito bites; surveillance for vector abundance and the incidence and
prevalence of disease; and syndromic surveillance. Surveillance may be enhanced through multisectoral collabora-
tions (e.g., meteorologic services that might predict conditions that are suitable for enhanced mosquito survival
and parasite development). If early-warning systems can be developed, they could be used to enhance vector and
disease surveillance in targeted areas. Then, if a surveillance threshold is exceeded, certain measures could be taken
or reinforced (e.g., initiation of public-awareness campaigns that educate and provide guidance). The panel on the
right shows the strategies that individual persons and households can use to prevent or respond to a vectorborne
disease. For adaptation measures to be successful, community and household acceptance and uptake are needed.

MITIGATION OF CLIMATE CHANGE

Reducing the risks of vectorborne diseases and
other health consequences of climate change
requires not only adaptation but also a rapid and
equitable transition away from fossil fuels. The
signing of the Inflation Reduction Act of 2022
represents a necessary (although insufficient)
move toward decarbonizing the U.S. economy in
line with the goals set under the Paris Agree-
ment in 2015. The health care sector, which
contributes an estimated 4.9% of the total car-
bon footprint worldwide, must be part of the

process.”> As trusted voices,” health profession-
als can weigh in regarding the importance and
urgency of mitigation.”

CONCLUSIONS

Climate change has substantial effects on patho-
gens, vectors, and reservoir hosts, with implica-
tions for the health sector worldwide. Many
vectors are already expanding their latitude and
altitude ranges, and the length of season during
which they are active is increasing; these trends
are expected to continue as the climate continues
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Table 2. Selected Adaptation Measures to Reduce the Effects of Vectorborne Diseases.*

Category

Vector and disease surveillance
programs>!

Early-warning systems®?

Vector-control programs®

Public awareness and engage-
ment>*

Health care systems!

Public policies®

Personal protective measures®®

Household interventions®

Vaccines'®’

Drugs®’

Diagnostics’

Adaptation Measures

Newer surveillance systems that incorporate satellite data, smartphone-based dis-
ease reporting, and integration of artificial intelligence algorithms

Accurate and timely climate-informed early-warning systems that monitor climatic,
environmental, and socioeconomic drivers of vectorborne diseases and thus can
be used to predict outbreaks

Development of effective insecticides that are safe for humans and the environ-
menty

Noninsecticidal strategies including microbial (e.g., the introduction of wolbachia-
infected mosquitoes into field populations) and genetic (e.g., the introduction
of genetically modified mosquitoes that transmit a deleterious mutation)

Ongoing education of policymakers, public health officials, health professionals,
and the public, particularly in regions where vectorborne diseases are emerging
or anticipated to emerge

Training of climate-educated health professionals to address the domestic and
worldwide shortage of health professionals

Climate-resilient health care systems

Universal health care

Improved housing regulations (e.g., requiring household designs that restrict mos-
quito entry)

Improved land-use management strategies (e.g., limiting deforestation in tropical
areas to prevent increases in mosquito breeding sites)

Use of safe and effective insect repellents

Use of insecticide-treated bed nets

Avoidance of tick habitats (e.g., moist, shady environments), especially in spring
and summer

Indoor application of safe insecticides in homes with cracks, crevices, or ill-fitting
doors or windows and in homes without door or window screens

Installation of window screens

Improved housing design to ensure well-fitting doors, windows, and roofs

Safe, effective, and affordable vaccines for vectorborne diseases that confer durable
immunity
National programs to address vaccine hesitancy

Development and broad distribution of drugs for the treatment of vectorborne dis-
eases, especially those predicted to have growing burdens of disease

Surveillance for drug resistance and understanding of potential effects of climate
change on antimicrobial resistance®

Enhanced monitoring for counterfeit drugs

Inexpensive, accurate, and widely available diagnostics for climate-sensitive vector-
borne diseases

* The development and implementation of adaptation measures are associated with considerable challenges, including
the need to ensure adequate funding for research and development and for the establishment and sustaining of pro-
grams and to ensure equitable access to adaptation measures.

T Insecticides such as dichlorodiphenyltrichloroethane (DDT) have historically been the cornerstone of vector-control
programs but have become less effective and have unacceptable environmental and toxicologic effects.

to warm. Changes at the local level will be con-
text- and disease-specific. Clinicians should be
alert to changes in risk for the population they
serve. To protect health and equity in a warmer
world, investments are needed in vector control
with respect to tailoring measures to rapidly
emerging situations and in new forms of tech-
nology and approaches, including vaccines. Un-
fortunately, adaptation strategies will not be viable

as a long-term solution without the implemen-
tation of sufficient, urgent mitigation efforts to
maintain global temperatures below critical
thresholds.!
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the full text of this article at NEJM.org.

We thank Simon Mason for his review of an earlier version
of the manuscript; and Lisa Saiman, Maitry Mahida, and Cathy
Guest for their input on the text and figures and for help with
the preparation of the references.

N ENGL J MED 387;21 NEJM.ORG NOVEMBER 24, 2022

The New England Journal of Medicine
Downloaded from nejm.org on March 30, 2024. For personal use only.
No other uses without permission. Copyright © 2022 Massachusetts Medical Society. All rights reserved.



REFERENCES

1. Intergovernmental Panel on Climate
Change. Climate change 2022: impacts,
adaptation and vulnerability. 2022 (https://
www.ipcc.ch/report/ar6/wg2/).

2. Climate Action Tracker. 2100 Warm-
ing projections: emissions and expected
warming based on pledges and current
policies. November 2021 (https://climate
actiontracker.org/global/temperatures/).
3. Thomson MC, Erickson PJ, Erickson
PJ, Mohamed AB, Connor SJ. Land use
change and infectious disease in West Af-
rica. In: DeFries R, Asner G, Houghton, R,
eds. Ecosystems and land use change.
Washington, DC: American Geophysical
Union, 2004;169-87.

4. Caminade C, McIntyre KM, Jones AE.
Impact of recent and future climate
change on vector-borne diseases. Ann N'Y
Acad Sci 2019;1436:157-73.

5. Campbell-Lendrum D, Manga L, Baga-
yoko M, Sommerfeld J. Climate change
and vector-borne diseases: what are the
implications for public health research
and policy? Philos Trans R Soc Lond B
Biol Sci 2015;370:20130552.

6. Thomson MC, Mason §J. Climate in-
formation for public health action. New
York: Routledge, 2018.

7. Mordecai EA, Caldwell JM, Grossman
MK, et al. Thermal biology of mosquito-
borne disease. Ecol Lett 2019;22:1690-
708.

8. Casadevall A. Climate change brings
the specter of new infectious diseases.
J Clin Invest 2020;130:553-5.

9. Siraj AS, Santos-Vega M, Bouma M]J,
Yadeta D, Ruiz Carrascal D, Pascual M.
Altitudinal changes in malaria incidence
in highlands of Ethiopia and Colombia.
Science 2014;343:1154-8.

10. Mironova VA, Shartova NV, Beljaev
AE, Varentsov MI, Korennoy FI, Grish-
chenko MY. Re-introduction of vivax ma-
laria in a temperate area (Moscow region,
Russia): a geographic investigation. Malar
7 2020;19:116.

11. Kraemer MU, Sinka ME, Duda KA,
et al. The global distribution of the arbo-
virus vectors Aedes aegypti and Ae. albop-
ictus. Elife 2015;4:e08347.

12. Bouchard C, Dibernardo A, Koffi J,
Wood H, Leighton PA, Lindsay LR. In-
creased risk of tick-borne diseases with
climate and environmental changes. Can
Commun Dis Rep 2019;45:83-9.

13. Bellone R, Failloux A-B. The role of
temperature in shaping mosquito-borne
viruses transmission. Front Microbiol
2020;11:584846.

14. Bouzid M, Colén-Gonzdlez FJ, Lung
T, Lake IR, Hunter PR. Climate change
and the emergence of vector-borne dis-
eases in Europe: case study of dengue fe-
ver. BMC Public Health 2014;14:781.

15. World Weather Attribution. Climate
change likely increased extreme monsoon
rainfall, flooding highly vulnerable com-

REVIEW ARTICLE

munities in Pakistan. September 14, 2022
(https://[www.worldweatherattribution.org/
climate-change-likely-increased-extreme
-monsoon-rainfall-flooding-highly
-vulnerable-communities-in-pakistan/).
16. Fihlani P. Pakistan floods: dengue
cases soaring after record monsoon. BBC
News. September 15, 2022 (https://www
.bbc.com/news/world-asia-62907449).

17. Mufioz AG, Thomson MC, Goddard L,
Aldighieri S. Analyzing climate variations
at multiple timescales can guide Zika vi-
rus response measures. Gigascience 2016;
5:1-6.

18. Trape J-F, Godeluck B, Diatta G, et al.
The spread of tick-borne borreliosis in
West Africa and its relationship to sub-
Saharan drought. Am J Trop Med Hyg
1996;54:289-93.

19. Nelder MP, Wijayasri S, Russell CB,
et al. The continued rise of Lyme disease
in Ontario, Canada: 2017. Can Commun
Dis Rep 2018;44:231-6.

20. Waits A, Emelyanova A, Oksanen A,
Abass K, Rautio A. Human infectious dis-
eases and the changing climate in the
Arctic. Environ Int 2018;121:703-13.

21. Kampen H, Tews BA, Werner D. First
evidence of West Nile virus overwintering
in mosquitoes in Germany. Viruses 2021;
13:2463.

22. Thomson MC, Davies JB, Post RJ,
Bockarie MJ, Beech-Garwood PA, Kandeh
J. The unusual occurrence of savanna
members of the Simulium damnosum
species complex in Southern Sierra Leone
in 1988. Bull Entomol Res 1996;86:271-
80.

23. Ben-Ari T, Neerinckx S, Gage KL, et al.
Plague and climate: scales matter. PLoS
Pathog 2011;7(9):e1002160.

24. Eisen RJ, Griffith KS, Borchert JN,
et al. Assessing human risk of exposure to
plague bacteria in northwestern Uganda
based on remotely sensed predictors. Am
J Trop Med Hyg 2010;82:904-11.

25. Longbottom J, Caminade C, Gibson
HS, Weiss DJ, Torr S, Lord JS. Modelling
the impact of climate change on the dis-
tribution and abundance of tsetse in
Northern Zimbabwe. Parasit Vectors 2020;
13:520.

26. Jagannathan P, Kakuru A. Malaria in
2022: increasing challenges, cautious op-
timism. Nat Commun 2022;13:2678.

27. Lyon B, Dinku T, Raman A, Thomson
MC. Temperature suitability for malaria
climbing the Ethiopian Highlands. Envi-
ron Res Lett 2017;12:064015.

28. Nissan H, Ukawuba I, Thomson M.
Climate-proofing a malaria eradication
strategy. Malar J 2021;20:190.

29. Ryan §J, Carlson CJ, Mordecai EA,
Johnson LR. Global expansion and redis-
tribution of Aedes-borne virus transmis-
sion risk with climate change. PLoS Negl
Trop Dis 2019;13(3):e0007213.

30. Zeng Z, Zhan J, Chen L, Chen H,

Cheng S. Global, regional, and national
dengue burden from 1990 to 2017: a sys-
tematic analysis based on the Global
Burden of Disease Study 2017. EClinical-
Medicine 2021;32:100712.

31. Da Concei¢do Aradjo D, Dos Santos
AD, Lima SVMA, Vaez AC, Cunha JO, Con-
ceicdo Gomes Machado de Aratjo K. De-
termining the association between den-
gue and social inequality factors in
north-eastern Brazil: a spatial modelling.
Geospat Health 2020;15.

32. da Costa CF, Dos Passos RA, Lima
JBP, et al. Transovarial transmission of
DENV in Aedes aegypti in the Amazon
basin: a local model of xenomonitoring.
Parasit Vectors 2017;10:249.

33. Kraemer MUG, Reiner RC Jr, Brady OJ,
et al. Past and future spread of the arbo-
virus vectors Aedes aegypti and Aedes
albopictus. Nat Microbiol 2019;4:854-63.

34. Dong Y, Zhou G, Cao W, et al. Global
seroprevalence and sociodemographic
characteristics of Borrelia burgdorferi sensu
lato in human populations: a systematic
review and meta-analysis. BMJ Glob Health
2022;7(6):e007744.

35. Kilpatrick AM, Dobson ADM, Levi T,
et al. Lyme disease ecology in a changing
world: consensus, uncertainty and critical
gaps for improving control. Philos Trans
R Soc Lond B Biol Sci 2017;372:20160177.
36. Ginsberg HS, Hickling GJ, Burke RL,
et al. Why Lyme disease is common in the
northern US, but rare in the south: the
roles of host choice, host-seeking behav-
ior, and tick density. PLoS Biol 2021;19(1):
€30010606.

37. Kugeler KJ, Schwartz AM, Delorey MJ,
Mead PS, Hinckley AF. Estimating the fre-
quency of Lyme disease diagnoses, United
States, 2010-2018. Emerg Infect Dis 2021;
27:616-9.

38. Mysterud A, Easterday WR, Stigum
VM, Aas AB, Meisingset EL, Viljugrein H.
Contrasting emergence of Lyme disease
across ecosystems. Nat Commun 2016;7:
11882.

39. Chancey C, Grinev A, Volkova E, Rios
M. The global ecology and epidemiology
of West Nile virus. Biomed Res Int 2015;
2015:376230.

40. Pietsch C, Michalski D, Miinch J, et al.
Autochthonous West Nile virus infection
outbreak in humans, Leipzig, Germany,
August to September 2020. Euro Surveill
2020;25:2001786.

41. Ronca SE, Ruff JC, Murray KO. A 20-
year historical review of West Nile virus
since its initial emergence in North
America: has West Nile virus become a
neglected tropical disease? PLoS Negl
Trop Dis 2021;15(5):e0009190.

42. Shocket MS, Verwillow AB, Numazu
MG, et al. Transmission of West Nile and
five other temperate mosquito-borne vi-
ruses peaks at temperatures between
23°C and 26°C. Elife 2020;9:e58511.

N ENGL J MED 387;21 NEJM.ORG NOVEMBER 24, 2022

The New England Journal of Medicine
Downloaded from nejm.org on March 30, 2024. For personal use only.
No other uses without permission. Copyright © 2022 Massachusetts Medical Society. All rights reserved.

1977



1978

43, Nazrul Islam S, Winkel J. Climate
change and social inequality. Department
of Economic and Social Affairs, October
2017 (https://[www.un.org/esa/desa/papers/
2017jwp152_2017.pdf).

44, World Health Organization. Ethical
issues associated with vector-borne dis-
eases: report of a WHO scoping meeting,
Geneva, 23-24 February 2017 (https://
apps.who.int/iris/handle/10665/259687).
45. Tickell KD, Pavlinac PB, John-Stewart
GC, et al. Impact of childhood nutritional
status on pathogen prevalence and sever-
ity of acute diarrhea. Am ] Trop Med Hyg
2017;97:1337-44.

46. O’Kelly B, Lambert JS. Vector-borne
diseases in pregnancy. Ther Adv Infect
Dis 2020;7:2049936120941725.

47. Sicuri E, Bardaji A, Sanz S, et al. Pa-
tients’ costs, socio-economic and health
system aspects associated with malaria
in pregnancy in an endemic area of Co-
lombia. PLoS Negl Trop Dis 2018;12(5):
€0006431.

48. Diderichsen F, Augusto LGDS, Perez
B. Understanding social inequalities in Zika
infection and its consequences: a model
of pathways and policy entry-points. Glob
Public Health 2019;14:675-83.

49. World Health Organization. Multisec-
toral approach for the prevention and
control of vector-borne diseases. Geneva,
2020. License: CC BY-NC-SA 3.0 IGO.

50. Lobo NF, Achee NL, Greico J, Collins
FH. Modern vector control. Cold Spring
Harb Perspect Med 2018;8:a025643.

51. Pley C, Evans M, Lowe R, Montgom-
ery H, Yacoub S. Digital and technological
innovation in vector-borne disease sur-
veillance to predict, detect, and control
climate-driven outbreaks. Lancet Planet
Health 2021;5(10):e739-€745.

52. Hussain-Alkhateeb L, Rivera Ramirez
T, Kroeger A, Gozzer E, Runge-Ranzinger
S. Early warning systems (EWSs) for chi-
kungunya, dengue, malaria, yellow fever,
and Zika outbreaks: what is the evidence?
A scoping review. PLoS Negl Trop Dis
2021;15(9):e0009686.

53. Wilson AL, Courtenay O, Kelly-Hope

REVIEW ARTICLE

LA, et al. The importance of vector con-
trol for the control and elimination of
vector-borne diseases. PLoS Negl Trop Dis
2020;14(1):e0007831.

54. Thompson D, Bayer E. Communicat-
ing to advance the public’s health: work-
shop summary. Washington, DC: Na-
tional Academies Press, 2015 (https://nap
.nationalacademies.org/catalog/21694/
communicating-to-advance-the-publics
-health-workshop-summary).

55. Horstick O, Runge-Ranzinger S. Mul-
tisectoral approaches for the control of
vector-borne diseases, with particular em-
phasis on dengue and housing. Trans R
Soc Trop Med Hyg 2019;113:823-8.

56. Alpern JD, Dunlop SJ, Dolan BJ,
Stauffer WM, Boulware DR. Personal pro-
tection measures against mosquitoes,
ticks, and other arthropods. Med Clin
North Am 2016;100:303-16.

57. Chami GF, Bundy DAP. More medi-
cines alone cannot ensure the treatment
of neglected tropical diseases. Lancet In-
fect Dis 2019;19(9):e330-e336.

58. Burnham JP. Climate change and
antibiotic resistance: a deadly combina-
tion. Ther Adv Infect Dis 2021;8:
2049936121991374.

59. National Association of County and
City Health Officials. Mosquito control
capabilities in the US. October 2017 (https://
www.naccho.org/uploads/downloadable
-resources/Mosquito-control-in-the-U.S.
-Report.pdf).

60. Centers for Disease Control and Pre-
vention. The Centers of Excellence in vec-
tor-borne diseases (https://www.cdc.gov/
ncezid/dvbd/coevbd/index.html).

61. Tedesco C, Ruiz M, McLafferty S.
Mosquito politics: local vector control
policies and the spread of West Nile virus
in the Chicago region. Health Place 2010;
16:1188-95.

62. Schutzer SE, Brown T Jr, Holland BK.
Reduction of Lyme disease exposure by
recognition and avoidance of high-risk
areas. Lancet 1997;349:1668.

63. Manning JE, Cantaert T. Time to mi-
cromanage the pathogen-host-vector inter-

face: considerations for vaccine develop-
ment. Vaccines (Basel) 2019;7:10.

64. Olotu A, Fegan G, Wambua J, et al.
Seven-year efficacy of RTS, S/ASO1 ma-
laria vaccine among young African chil-
dren. N Engl ] Med 2016;374:2519-29.

65. Paz-Bailey G, Adams L, Wong JM,
et al. Dengue vaccine: recommendations
of the Advisory Committee on Immuniza-
tion Practices, United States, 2021. MMWR
Recomm Rep 2021;70:1-16.

66. Kayentao K, Ongoiba A, Preston AC,
et al. Safety and efficacy of a monoclonal
antibody against malaria in Mali. N Engl
J Med. DOI: 10.1056/NEJM0a2206966

67. Poland GA. Vaccines against Lyme
disease: what happened and what lessons
can we learn? Clin Infect Dis 2011;52:
Suppl 3:5253-5258.

68. Ghebreyesus TAZ, Tadese Z, Jima D,
et al. Public health and weather services
— climate information for the health sec-
tor. WMO Bulletin 2008:57:256-61 (https://
public.wmo.int/en/bulletin/public-health
-and-weather-services%E2%80%93climate
-information-health-sector).

69. Maegraith B, Adelaide MB. UNDE
VENIS? Lancet 1963;281:401-4.

70. Peper ST, Jones AC, Webb CR, Lacy M,
Presley SM. Consideration of vector-borne
and zoonotic diseases during differential
diagnosis. South Med J 2021;114:277-82.
71. Corvalan C, Villalobos Prats E, Sena
A, et al. Towards climate resilient and en-
vironmentally sustainable health care fa-
cilities. Int J Environ Res Public Health
2020;17:8849.

72. Wise J. COP20: fifty countries commit
to climate resilient and low carbon health
systems. BMJ 2021;375:n2734.

73. Wellcome Trust. Wellcome Global
Monitor: how does the world feel about
science and health? 2018 (https://cms
wellcome.org/sites/default/files/wellcome
-global-monitor-2018.pdf).

74. Dobson J, Cook S, Frumkin H, Haines
A, Abbasi K. Accelerating climate action:
the role of health professionals. BMJ 2021;
375:n2425.

Copyright © 2022 Massachusetts Medical Society.

N ENGL J MED 387;21 NEJM.ORG NOVEMBER 24, 2022

The New England Journal of Medicine
Downloaded from nejm.org on March 30, 2024. For personal use only.
No other uses without permission. Copyright © 2022 Massachusetts Medical Society. All rights reserved.



