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Southeast Asia (SEA) emerged relatively unscathed from the first year of the global SARS-
CoV-2 pandemic, but as of July 2021 the region is experiencing a surge in case numbers
primarily driven by Alpha (B.1.1.7) and subsequently the more transmissible Delta
(B.1.617.2) variants. While initial disease burden was mitigated by swift government
responses, favorable cultural and societal factors, the more recent rise in cases suggests
an under-appreciation of prior prevalence and over-appreciation of possible cross-
protective immunity from exposure to endemic viruses, and highlights the effects of
vaccine rollout at varying tempos and of variable efficacy. This burgeoning crisis is further
complicated by co-existence of malaria and dengue in the region, with implications of
serological cross-reactivity on interpretation of SARS-CoV-2 assays and competing
resource demands impacting efforts to contain both endemic and pandemic disease.
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INTRODUCTION

Since the emergence of SARS-CoV-2 in Wuhan, China in December 2019, there have been over 200
million cases of COVID-19 worldwide, with over 4 million confirmed deaths by mid-2021 (1).
Despite its proximity to China and global connectivity, Southeast Asia (SEA) experienced relatively
low case numbers during the first year of the pandemic (Figure 1A). However, as of July 2021, cases
in SEA are surging and the region is now on track to become the next global pandemic hotspot.
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SEA is a geopolitical region spanning approximately 1.7
million square miles from its northern borders with India and
China through the tip of the Indonesian archipelago in the south.
In this paper we define SEA as the ten member countries of the
Association of Southeast Asian Nations (ASEAN), consisting of
Brunei, Cambodia, Indonesia, Laos, Malaysia, Myanmar, the
Philippines, Singapore, Thailand, and Vietnam. The region is
home to over 650 million people, with 3.5% of the world’s
population in Indonesia alone (2). Climate is tropical and
landscape is diverse, ranging from the densely populated
metropoles of Manila and Jakarta to rural communities
bordering the world’s oldest rainforest in Borneo. Its location
along historic trade routes and young population feeding into an
inexpensive, plentiful labor force have led to SEA’s development
as a global hub of commerce and industry. Economic and
population growth have in turn spurred rapid high-density
urbanization, changes in land use, internal and cross-border
migration, and socioeconomic inequities that prime for the
emergence of novel and resurgent infectious diseases (3).

In this review, we provide a perspective of how the SEA
experience of SARS-CoV-2 has been molded by the region’s
unique infectious disease exposures. We predict that the latest
wave of the pandemic will have both significant direct
implications on population health in the region and vast indirect
effects via the subversion of fragile systems that contain, manage,
and monitor endemic diseases such as dengue and malaria.
THE COVID-19 PANDEMIC: SOUTHEAST
ASIAN EXPERIENCE

SARS-CoV-2 spread quickly from neighboring China in 2020,
with index cases reported in Thailand, the Philippines, and
Singapore by mid-January (4–6). The majority of countries in
SEA quickly implemented strict border control and lockdown
policies in early 2020 including movement restriction,
mandatory quarantine for international arrivals, isolation of
confirmed positive cases or contacts thereof, shutdown of
schools and non-essential businesses, mandated mask-wearing,
widespread testing, aggressive contact tracing, and public
education campaigns (4–9). Pandemic control measures may
have been further augmented by favorable pre-existing cultural
and societal factors including open-air societies with a young
demographic, lack of mass transit, public compliance with
government mandates, and intact public health surveillance
and response systems from prior epidemics such as H5N1 and
SARS-CoV-1. There was inevitably intraregional variability in
pandemic control (Figure 2). Despite stringent lockdown
policies, Singapore experienced a wave of cases in April
through June 2020 driven by a surge in transmission among
foreign workers housed in closed quarters (10). The Philippines
experienced an initial wave that peaked in August 2020, while
Indonesia and Malaysia saw smaller waves at year-end, largely
attributable to easing of movement restrictions. The true scale of
the problem may have been underestimated in several countries
due to case under-reporting related to poor testing infrastructure
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(11) and civil unrest (12). Even so, a few serosurveys conducted
during the second half of 2020 demonstrated relative population
naivety (13, 14). While the Western world was swept by
devastating case numbers and fatalities, SEA seemed to emerge
from the 2020 pandemic year relatively unscathed.

In April 2021, India experienced a surge in SARS-CoV-2
cases, which at the time represented over half of daily cases
worldwide. A novel variant, Delta (B.1.617.2), initially identified
in Maharashtra, India in December 2020, was linked to the large
wave of cases there (15) with subsequent spread to the rest of the
globe (16). Delta is highly transmissible and more pathogenic
than prior variants of concern. Additionally, there is seemingly
reduced efficacy of currently available vaccines to the Delta
variant (17). Paired with waning immunity from vaccination
and natural infection over time (18), this ‘perfect storm’
contributed to the latest pandemic wave from which SEA has
not been spared (Figure 1B). SARS-CoV-2 cases began rising in
Indonesia and Malaysia in late May 2021, shortly after the
Muslim Eid-Al-Fitr holiday. The rest of the region quickly
followed; SEA is now experiencing an average number of daily
cases over twenty times that seen in the same period of the prior
year and approximately eight times that seen at the highest point
of the pandemic to date. The Delta variant constitutes the bulk of
cases in Vietnam, Myanmar and Singapore, and rising case
numbers in Malaysia, Thailand, Cambodia, and Indonesia.
Alpha (B.1.1.7) and Beta (B.1.351) variants are of prominence
as well in Thailand and Cambodia, and Indonesia, Malaysia, and
the Philippines, respectively. Phylogenetic studies further suggest
these variants had likely been circulating unchecked in the
community and across borders for months (19).

Possible contributors to the recent surge could include
premature easing of restrictions due to complacency following
earlier success of pandemic control measures, and under-
recognition of the potential impact of novel SARS-CoV-2
variants. Financial considerations may have factored strongly in
SEA’s lower-income members, where existing economic margins
were insufficient to bolster the impact of prolonged lockdown. This
has been further compounded by the slower-than-desired vaccine
rollout in the region; country-specific population coverage in SEA
currently averages 17%, ranging from 5% in Myanmar to 77% in
Singapore (Figure 1C). A variety of vaccines are in use including
several for which Phase III clinical trial data are lacking (20, 21),
WHO approval has not been issued for emergency use (22), or of
which there is off-label pediatric use (23) (Figure 1D). Additional
fault has been placed on the movement of undocumented migrant
workers across porous borders particularly in the Greater Mekong
Subregion consisting of Myanmar, Thailand, Cambodia, Laos, and
Vietnam (24, 25). Myanmar, which has experienced an upsurge of
political unrest and civil conflict including a military coup in
February 2021, is undergoing a humanitarian crisis that
undermines the country’s ability to deal with its current health
crisis (12). To tackle the latest pandemic wave, several countries
implemented or maintained lockdown measures comparable to
those in 2020, as measured by the Oxford Stringency Index
(Figure 2). By August 2021, Cambodia had successfully
vaccinated 90% of the adult population and had already begun an
November 2021 | Volume 2 | Article 788590
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aggressive campaign to administer booster shots (26). It remains to
be seen whether these measures will be sufficient to curb the crisis in
the region.
SOUTHEAST ASIA – AT THE
CONFLUENCE OF ENDEMIC, EMERGING,
AND RESURGENT INFECTIOUS DISEASES

SEA has a substantial burden of infectious disease, driven mainly by
respiratory and intestinal diseases but with significant
Frontiers in Tropical Diseases | www.frontiersin.org 3
representation from tuberculosis, HIV, malaria, and arboviruses
(27). Large populations of biodiverse wildlife serve as reservoirs for
emerging infections, while close geographic and cultural interfaces
between man and nature, such as through deforestation for
commercial use and subsistence farming, wildlife trade and
consumption, and application of bat guano in local agricultural
practices, predispose to transmission of vector-borne and zoonotic
disease (28). Malaria is endemic tomost countries in SEA, with local
autochthonous transmission in Indonesia, Myanmar, Thailand,
Cambodia, Laos, Vietnam, and the Philippines. Average case
incidence in these countries approximated 11 cases per 1,000
FIGURE 1 | Choropleth maps of Southeast Asia displaying i) average monthly incidence of SARS-CoV-2 infections (new cases per 100,000 people) from March –

December 2020 (A) and January – August 2021 (B); ii) SARS-CoV-2 vaccine coverage (fully vaccinated persons per 100,000 people; panel C) and list of publicly
available vaccines by country (D). Data obtained from the Global Change Data Lab (URL: https://covid.ourworldindata.org/, accessed September 9, 2021).
FIGURE 2 | Monthly incidence of SARS-CoV-2 infections (new cases per 1,000,000 people) showing the effects of government COVID-19 pandemic control
measures (Oxford Stringency Index) from March 2020 through August 2021 by country. Data obtained from the Global Change Data Lab (URL: https://covid.
ourworldindata.org/, accessed September 9, 2021).
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population at risk in 2010. Numbers have since decreased by over
80% in the past decade, attributable to collaborative regional
eradication efforts such as the Mekong Malaria Elimination
Program (29). Even as cases of Plasmodium falciparum diminish,
there has been a rise in zoonotic malaria. Malaysia, which saw no
cases of human malaria in 2018 and 2019, reported over 3000
annual cases of P. knowlesi in both years, from 1600 just two years
prior (29). P. cynomolgi has also made the jump into human hosts
with cases of natural infection described in Thailand, Cambodia,
and Malaysia in the last decade. A host of other simian species has
been identified with abundance in local macaques, including some
with demonstrable in vitro infectivity of human cells and shared
vectors with known human pathogens (30). Dengue is another
prominent vector-borne disease in SEA, where prevalence ranks in
the top quintile amongst WHO geographic regions. Climate change
and changing land-use patterns may be contributing to rising cases
over the past decade; 2019 saw unprecedented dengue outbreaks in
Malaysia, Indonesia, the Philippines, Thailand, Vietnam, Cambodia
and Laos akin to what was simultaneously reported in the Americas
and South Asia (31). Other vector-borne diseases in the region such
as chikungunya, Zika, Japanese Encephalitis Virus, and tickborne
diseases such as Rickettsia spp. and Orientia spp. are similarly
projected to increase over the coming years (32, 33). Several
zoonoses arising in SEA have also come to recent attention due
to the severity of their associated clinical syndromes, and/or their
pandemic potential. Over the past two decades these have included
influenza viruses, orthoreoviruses, Nipah virus, zoonotic malaria,
and Streptococcus suis, amongst others (27, 34). SEA has also seen its
share of pandemics with H5N1, H1N1, SARS-CoV-1, and now
SARS-CoV-2 sweeping the region, in part due to strong human
movement linkages and shared borders with global powerhouses
China and India. Finally, unchecked antibiotic use in both humans
and livestock has led to the rise of drug resistant pathogens in SEA.
Multi-and extensively drug-resistant tuberculosis has been detected
in high-burden countries including the Philippines, Myanmar, and
Thailand (27). Artemisin-resistant P. falciparum was first detected
along the Thai-Cambodia border and continues to circulate in the
region (32, 35). More recently, the WHO identified SEA as a
neglected hotspot for the emergence of antibiotic resistance in
common bacterial pathogens including Staphylococcus aureus,
Streptococcus pneumoniae, Neisseria gonorrhoeae, and several
gram-negative bacteria (36). This unique milieu of endemic,
emerging, and resurgent infections in SEA makes it an ideal
model for understanding the interface between tropical diseases
and the rising threat of SARS-CoV-2.
PRIOR EXPOSURE TO ENDEMIC
DISEASES MAY INFLUENCE SARS-COV-2
SERO-ASSAYS AND PRE-EXISTING
IMMUNITY

While the mainstay of SARS-CoV-2 diagnostics involves nucleic
acid testing, the role of serologic testing is increasingly
recognized with applications including for rapid diagnosis in
Frontiers in Tropical Diseases | www.frontiersin.org 4
resource-scarce settings, measurement of vaccine response in
vaccine efficacy studies, and population-wide serosurveys,
amongst others (37). However, serologic assays can be affected
by cross-reactivity leading to false positive results, and
calibration to target populations is important to optimize test
performance. High rates of background reactivity of SARS-CoV-
2 seroassays have been noted in sub-Saharan Africa (38–42) with
postulated mechanisms including cross-reactivity with endemic
human coronaviruses or polyclonal B-cell activation from
unrelated infections such as malaria, cytomegalovirus, and
Epstein Barr virus. Pre-pandemic SARS-CoV-2 seroreactivity
was also recently demonstrated in malaria-experienced
individuals from Cambodia (43), although a second smaller
study of pre-pandemic sera from Vietnam found no positive
samples (44).

Most studies of seasonal human coronaviruses (hCoVs) have
demonstrated some level of cross-reactivity with SARS-CoV-2
seroassays, with (45) or without (46, 47) demonstrable in vitro
viral neutralization activity of identified antibodies. Cross-reactive
humoral immunity among sarbecoviruses has also been found (48)
although notably the two human sarbecoviruses do not appear to
demonstrate significant cross-neutralization, potentially due to the
rarity of cross-neutralizing antibodies (48–51). The ubiquitous
hCoVs 229E, OC43, NL63, and HKU1 are endemic to SEA (52),
but unique to the region is a high prevalence of coronaviruses
circulating in zoonotic reservoirs, including several recently
identified sarbecoviruses with high sequence homology to SARS-
CoV-2 in Rhinolophus spp. bats and Manis spp. pangolins in
Thailand, Laos and Cambodia (53–56). Population-level
serological studies of exposure to these zoonotic coronaviruses are
lacking, though transmission has been detected in individuals with
high levels of wildlife exposure including forest workers, farmers
applying bat guano in agricultural practices, and in suppliers and
consumers of wildlife (57, 58). Finally, SEA was also affected by
SARS-CoV-1 during the 2002-2003 outbreak; however, case
numbers were low, making this an unlikely influencer of
subsequent SARS-CoV-2 transmission dynamics (59). Ultimately,
assay interpretation may benefit from simultaneous testing for
antibodies to multiple coronaviruses to identify co-variation that
could better differentiate serologic indicators of prior exposure from
false positives related to cross-reactivity (60, 61).

Cross-reactivity of SARS-CoV-2 seroassays has also been
described with prior exposure to malaria. In a recent study of
528 malaria-experienced Cambodians, analysis of pre-pandemic
samples found 13.8% positivity of non-neutralizing IgG to SARS-
CoV-2 spike and RBD antigens, with higher levels of antibodies
to a P. falciparum antigen in SARS-CoV-2 seropositive as
compared to seronegative populations (43). Acute malaria has
been found to trigger a dysregulated polyclonal B cell expansion
that can lead to cross-reactivity with a number of serologic assays
for unrelated conditions (62–64). Additionally, there may be
shared epitopes between SARS-CoV-2 and Plasmodium spp. that
could further explain production of cross-reactive antibodies
(65–67), though these appear to be non-functional (43).

Initial case reports also suggested false positivity of SARS-
CoV-2 assays in patients with acute dengue (68, 69). Larger
November 2021 | Volume 2 | Article 788590
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studies examining the fidelity of commercially available lateral
flow assays for IgG/IgM against SARS-CoV-2 showed low levels
of cross-reactivity in dengue-experienced patients ranging from
to 2.3 to 7.5% (70–72). One study applied a SARS-CoV-2 IgG
chemiluminescence assay to 84 samples from Brazilians with
dengue and found no cross-reactivity (73), while a second
applied two enzyme immunoassays for SARS-CoV-2 IgG or
IgA and found 22% cross-reactivity (as compared to 4% false
positivity in non-dengue infected controls) (74). As with malaria,
shared epitopes between the two viruses have been proposed,
though data are sparse (74). The variability in performance of
different serologic testing methods adds a further layer of
complexity to the issue (75).

Lack of assay specificity and region-specific optimization
could confound assessments of disease burden and vaccine
response in regions where these diseases are endemic, with
downstream implications on contact tracing, vaccine rollout,
and pandemic preparedness planning. Beyond false positivity of
serologic assays it is unclear whether pre-existing immunity may
also play a role in mitigating disease burden. Some clinical
studies of patients with hCoVs preceding SARS-CoV-2
infection suggest that cross-reactive humoral immunity could
play a role in ameliorating disease severity (76, 77), though data
is lacking and less still is known about the role of cellular
immunity. Though intriguing, the theory of pre-existing
immunity is perhaps less convincing now in the face of the
latest pandemic wave sweeping through SEA.
COVID-19 AND ITS IMPACT ON
TROPICAL DISEASE MANAGEMENT

The latest surge of SARS-CoV-2 in SEA coincides with the
southwesterly monsoon season that spans May to September,
when warm and wet weather conditions predispose to the
propagation of vector-borne diseases including malaria, dengue,
and chikungunya. Imposition of lockdown measures presumably
increased incidence of vector-borne disease due to the efflux of
city workers to residential areas with higher levels of transmission,
and cessation or modification of typical vector control measures.
This phenomenon may have contributed to the historic dengue
outbreak in Singapore in 2020 (78, 79), although incidence
patterns in other countries appeared unaffected by SARS-CoV-2
(Supplementary Figure). Regardless, the threat of overlapping
epidemics in the coming months is concerning. Outside of
Singapore and Brunei, SEA consists of larger low- and middle-
income countries in which healthcare infrastructure is
heterogeneous and often not built to sustain robust disease
surveillance and may not withstand a sudden influx of acutely
ill individuals (80). The clinical semblance of acute flavivirus
infection with COVID-19 and cross-reactivity of seroassays used
for rapid diagnostics pose additional challenges to clinicians and
hospital systems that are pressed to develop triage processes to
quickly distinguish the two (81, 82).

Other effects of the SARS-CoV-2 pandemic could be more
insidious – the diversion of resources to tackle SARS-CoV-2 is
Frontiers in Tropical Diseases | www.frontiersin.org 5
expected to detract public and government attention on
endemic disease control and surveillance programs,
subverting fragile progress that the region has seen over the
past decade in terms of malaria control (83, 84). Management
of chronic infectious disease such as HIV and tuberculosis,
in addition to primary prevention measures including
immunization outreach, may also be affected. The
unevidenced repurposing of antimalarial and antiretroviral
medications for SARS-CoV-2, and overuse of antibiotics for
the severely ill, are ongoing threats that could encourage the
development of drug resistance in a region already struggling
with multidrug resistant P. falciparum and bacterial pathogens
including carbapenem-resistant Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacterales (32, 35, 36).
Finally, the disruption of ongoing vector and ecologic
surveillance studies could delay the detection of significant
emerging infections, including novel SARS-CoV-2 variants
(85). A limitation of this review on the pandemic’s impact on
tropical diseases may be that it is too premature, with the true
magnitude only assessable many years from now.
CONCLUSION

SARS-CoV-2 is the latest health crisis to arrive in SEA. The
economic, political, and humanitarian toll forecasted are vast. If
the region is to survive this threat, it will need to ramp up current
efforts. First, vaccine rollout needs to improve in SEA countries
with low vaccination rates, although this issue is likely to be
ameliorated with increased manufacturing capacity, boosted
availability, and delivery of efficacious vaccines in an equitable
manner. Next, enhancements to pandemic disease surveillance
systems are needed to enable accurate SARS-CoV-2 case
detection and reporting, mapping of disease spread, and
directed allocation of resources. Existing healthcare
infrastructure must be reinforced to prepare for an influx of
large numbers of severely ill patients, including with systems in
place to care for foreign laborers and immigrants, regardless of
documentation or legal status. Finally, shared physical borders
and economic interdependence demand that countries in the
region forge a common platform, such as through ASEAN, to
enable sharing of medical resources, data transference, unified
messaging, and establishment of tolerant trade and migration
policies to preserve joint growth and ensure the region’s
economic and political survival (86).
DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: COVID data obtained from https://covid.
ourworldindata.org/data/owid-covid-data.csv. Malaria and
dengue national surveillance data obtained from Cambodia,
Vietnam, Laos, Malaysia, and Singapore respective Ministries
of Health.
November 2021 | Volume 2 | Article 788590

https://covid.ourworldindata.org/data/owid-covid-data.csv
https://covid.ourworldindata.org/data/owid-covid-data.csv
https://www.frontiersin.org/journals/tropical-diseases
http://www.frontiersin.org/
https://www.frontiersin.org/journals/tropical-diseases#articles


Yek et al. COVID in Southeast Asia
AUTHOR CONTRIBUTIONS

CY, DP, VN, SA, and MM performed data collection. CY and DP
performed data analysis. CY, VN, RL, DP, SH, KS, SS, MM, SA,
RS, NT, HN, CL, KB, RH, LS, and JM were involved in drafting
the manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING

This research was supported in part by the Intramural Research
Program of the National Institute of Allergy and Infectious
Diseases at the National Institutes of Health (U.S.A.). SA
receives funding from the Malaysian Ministry of Higher
Education (grant number HICOEM0002-2019). RTS receives
Frontiers in Tropical Diseases | www.frontiersin.org 6
funding from the National Agency for Research and Innovation
of the Republic of Indonesia.
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fitd.2021.788590/
full#supplementary-material

Supplementary Figure | Monthly totals of new cases of SARS-CoV-2, malaria,
and dengue from March 2020 through August 2021. Data on SARS-CoV-2
obtained from the Global Change Data Lab (URL: https://covid.ourworldindata.org/
, accessed September 9, 2021). Data on malaria and dengue obtained from
individual country Ministry of Health public surveillance systems; this was only
available for Cambodia and Vietnam (both malaria and dengue data available), Laos
(malaria data only), and Malaysia and Singapore (dengue data only).
REFERENCES
1. World Health Organization. Coronavirus Disease (COVID-19). Geneva:

World Health Organization (2021). Available at: https://www.who.int/
emergencies/diseases/novel-coronavirus-2019.

2. World Bank. Overview: East Asia and the Pacific. Washington D.C.: World Bank
(2021). Available at: https://www.worldbank.org/en/region/eap/overview.

3. Chongsuvivatwong V, Phua KH, Yap MT, Pocock NS, Hashim JH, Chhem R,
et al. Health and Health-Care Systems in Southeast Asia: Diversity and
Transitions. Lancet Lond Engl (2011) 377(9763):429–37. doi: 10.1016/
S0140-6736(10)61507-3

4. Wong JEL, Leo YS, Tan CC. COVID-19 in Singapore—Current Experience:
Critical Global Issues That Require Attention and Action. JAMA (2020) 323
(13):1243–4. doi: 10.1001/jama.2020.2467

5. Marome W, Shaw R. COVID-19 Response in Thailand and Its Implications
on Future Preparedness. Int J Environ Res Public Health (2021) 18(3):1089.
doi:10.3390/ijerph18031089

6. Amit AML, Pepito VCF, Dayrit MM. Early Response to COVID-19 in the
Philippines. West Pac Surveill Response J WPSAR (2021) 12(1):56–60. doi:
10.5365/wpsar.2020.11.1.014

7. Thai PQ, Rabaa MA, Luong DH, Tan DQ, Quang TD, Quach HL, et al. The
First 100 Days of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) Control in Vietnam. Clin Infect Dis (2021) 72(9):e334–42. doi:
10.1093/cid/ciaa1130

8. Wong J, Koh WC, Alikhan MF, Abdul Aziz ABZ, Naing L. Responding to
COVID-19 in Brunei Darussalam: Lessons for Small Countries. J Glob Health
(2020) 10(1):010363. doi: 10.7189/jogh.10.010363

9. Shah AUM, Safri SNA, Thevadas R, Noordin NK, Rahman AA, Sekawi Z,
et al. COVID-19 Outbreak in Malaysia: Actions Taken by the Malaysian
Government. Int J Infect Dis (2020) 97:108–16. doi: 10.1016/j.ijid.2020.05.093

10. Sullivan M. Singapore Sees Surge In COVID-19 Cases, Now Has Highest
Number In Southeast Asia. NPR . Available at: https://www.npr.org/sections/
coronavirus-live-updates/2020/04/20/838324209/singapore-sees-surge-in-
covid-19-cases-now-has-highest-number-in-southeast-asia.

11. Allard T. COVID-19 Far More Widespread in Indonesia Than Official Data
Show: Studies. London: Reuters (2021). Available at: https://www.reuters.com/
world/asia-pacific/exclusive-covid-19-far-more-widespread-indonesia-than-
official-data-show-studies-2021-06-03/.

12. Tsoi G, Myint M. Covid and a Coup: The Double Crisis Pushing Myanmar to
the Brink. London: BBC News (2021). Available at: https://www.bbc.com/
news/world-asia-57993930.

13. Virachith S, Pommelet V, Calvez E, Khounvisith V, Sayasone S, Kounnavong
S, et al. Low Seroprevalence of COVID-19 in Lao PDR, Late 2020. Lancet Reg
Health West Pac (2021) 13:100197. doi: 10.1016/j.lanwpc.2021.100197

14. Sam I-C, Chong YM, Tan CW, Chan YF. Low Postpandemic Wave SARS-
CoV-2 Seroprevalence in Kuala Lumpur and Selangor, Malaysia. J Med Virol
(2021) 93(2):647–8. doi: 10.1002/jmv.26426
15. Vaidyanathan G. Coronavirus Variants are Spreading in India - What
Scientists Know So Far. Nature (2021) 593(7859):321–2. doi: 10.1038/
d41586-021-01274-7

16. Del Rio C, Malani PN, Omer SB. Confronting the Delta Variant of SARS-CoV-
2, Summer 2021. JAMA (2021) 326(11):1001–2. doi: 10.1001/jama.2021.14811

17. Lopez Bernal J, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S,
et al. Effectiveness of Covid-19 Vaccines Against the B.1.617.2 (Delta) Variant.
N Engl J Med (2021) 385(7):585–94. doi:10.1056/NEJMoa2108891

18. Shrotri M, Navaratnam AMD, Nguyen V, Byrne T, Geismar C, Fragaszy E,
et al. Spike-Antibody Waning After Second Dose of BNT162b2 or Chadox1.
Lancet Lond Engl (2021) 398(10298):385–7. doi: 10.1016/S0140-6736(21)
01642-1

19. Chookajorn T, Kochakarn T, Wilasang C, Kotanan N, Modchang C. Southeast
Asia is an Emerging Hotspot for COVID-19. Nat Med (2021) 27:1495–6.
doi:10.1038/s41591-02101471-x

20. Wu Z, Hu Y, Xu M, Chen Z, Yang W, Jiang Z, et al. Safety, Tolerability, and
Immunogenicity of an Inactivated SARS-CoV-2 Vaccine (CoronaVac) in
Healthy Adults Aged 60 Years and Older: A Randomised, Double-Blind,
Placebo-Controlled, Phase 1/2 Clinical Trial. Lancet Infect Dis (2021) 21
(6):803–12. doi: 10.1016/S1473-3099(20)30987-7

21. Xia S, Zhang Y, Wang Y, Wang H, Yang Y, Gao GF, et al. Safety and
Immunogenicity of an Inactivated SARS-CoV-2 Vaccine, BBIBP-CorV: A
Randomised, Double-Blind, Placebo-Controlled, Phase 1/2 Trial. Lancet Infect
Dis (2021) 21(1):39–51. doi: 10.1016/S1473-3099(20)30831-8

22. Logunov DY, Dolzhikova IV, Shcheblyakov DV, Tukhvatulin AI, Zubkova
OV, Dzharullaeva AS, et al. Safety and Efficacy of an Rad26 and Rad5 Vector-
Based Heterologous Prime-Boost COVID-19 Vaccine: An Interim Analysis of
a Randomised Controlled Phase 3 Trial in Russia. Lancet Lond Engl (2021)
397(10275):671–81. doi: 10.1016/S0140-6736(21)00234-8

23. Euronews. Cambodia: Vaccination for Adolescents Begins. Lyon: Euronews
(2021). Available at: https://www.euronews.com/2021/08/01/cambodia-
vaccination-for-adolescents-begins.

24. Kuhakan J, Sriring O. Thai PM Blames Virus Surge on Illegal Migration, Hints
at New Curbs. London: Reuters (2020). Available at: https://www.reuters.com/
article/health-coronavirus-thailand-idUSKBN28W0NJ.

25. Reuters. Vietnam Says New COVID Outbreak Threatens Stability. London:
Reuters (2021). Available at: https://www.reuters.com/world/asia-pacific/
vietnam-says-new-covid-outbreak-threatens-stability-2021-05-09/.

26. Reuters. Cambodia to Mix Vaccines as Booster Shots to Fight COVID. London:
Reuters (2021). Available at: https://www.reuters.com/world/asia-pacific/
cambodia-mix-vaccines-booster-shots-fight-covid-2021-08-01/.

27. Coker RJ, Hunter BM, Rudge JW, Liverani M, Hanvoravongchai P. Emerging
Infectious Diseases in Southeast Asia: Regional Challenges to Control. Lancet
Lond Engl (2011) 377(9765):599–609. doi: 10.1016/S0140-6736(10)62004-1

28. Origin NRC (US) C on ASGC for S and R to ED of Z, Keusch GT,
Pappaioanou M, Gonzalez MC, Scott KA, Tsai P. Drivers of Zoonotic
Diseases [Internet]. Sustaining Global Surveillance and Response to Emerging
November 2021 | Volume 2 | Article 788590

https://www.frontiersin.org/articles/10.3389/fitd.2021.788590/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fitd.2021.788590/full#supplementary-material
https://covid.ourworldindata.org/
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.who.int/emergencies/diseases/novel-coronavirus-2019
https://www.worldbank.org/en/region/eap/overview
https://doi.org/10.1016/S0140-6736(10)61507-3
https://doi.org/10.1016/S0140-6736(10)61507-3
https://doi.org/10.1001/jama.2020.2467
https://doi.org/10.3390/ijerph18031089
https://doi.org/10.5365/wpsar.2020.11.1.014
https://doi.org/10.1093/cid/ciaa1130
https://doi.org/10.7189/jogh.10.010363
https://doi.org/10.1016/j.ijid.2020.05.093
https://www.npr.org/sections/coronavirus-live-updates/2020/04/20/838324209/singapore-sees-surge-in-covid-19-cases-now-has-highest-number-in-southeast-asia
https://www.npr.org/sections/coronavirus-live-updates/2020/04/20/838324209/singapore-sees-surge-in-covid-19-cases-now-has-highest-number-in-southeast-asia
https://www.npr.org/sections/coronavirus-live-updates/2020/04/20/838324209/singapore-sees-surge-in-covid-19-cases-now-has-highest-number-in-southeast-asia
https://www.reuters.com/world/asia-pacific/exclusive-covid-19-far-more-widespread-indonesia-than-official-data-show-studies-2021-06-03/
https://www.reuters.com/world/asia-pacific/exclusive-covid-19-far-more-widespread-indonesia-than-official-data-show-studies-2021-06-03/
https://www.reuters.com/world/asia-pacific/exclusive-covid-19-far-more-widespread-indonesia-than-official-data-show-studies-2021-06-03/
https://www.bbc.com/news/world-asia-57993930
https://www.bbc.com/news/world-asia-57993930
https://doi.org/10.1016/j.lanwpc.2021.100197
https://doi.org/10.1002/jmv.26426
https://doi.org/10.1038/d41586-021-01274-7
https://doi.org/10.1038/d41586-021-01274-7
https://doi.org/10.1001/jama.2021.14811
https://doi.org/10.1056/NEJMoa2108891
https://doi.org/10.1016/S0140-6736(21)01642-1
https://doi.org/10.1016/S0140-6736(21)01642-1
https://doi.org/10.1038/s41591-02101471-x
https://doi.org/10.1016/S1473-3099(20)30987-7
https://doi.org/10.1016/S1473-3099(20)30831-8
https://doi.org/10.1016/S0140-6736(21)00234-8
https://www.euronews.com/2021/08/01/cambodia-vaccination-for-adolescents-begins
https://www.euronews.com/2021/08/01/cambodia-vaccination-for-adolescents-begins
https://www.reuters.com/article/health-coronavirus-thailand-idUSKBN28W0NJ
https://www.reuters.com/article/health-coronavirus-thailand-idUSKBN28W0NJ
https://www.reuters.com/world/asia-pacific/vietnam-says-new-covid-outbreak-threatens-stability-2021-05-09/
https://www.reuters.com/world/asia-pacific/vietnam-says-new-covid-outbreak-threatens-stability-2021-05-09/
https://www.reuters.com/world/asia-pacific/cambodia-mix-vaccines-booster-shots-fight-covid-2021-08-01/
https://www.reuters.com/world/asia-pacific/cambodia-mix-vaccines-booster-shots-fight-covid-2021-08-01/
https://doi.org/10.1016/S0140-6736(10)62004-1
https://www.frontiersin.org/journals/tropical-diseases
http://www.frontiersin.org/
https://www.frontiersin.org/journals/tropical-diseases#articles


Yek et al. COVID in Southeast Asia
Zoonotic Diseases. Washington D.C.: National Academies Press (US) (2009).
Available at: https://www.ncbi.nlm.nih.gov/books/NBK215318/.

29. World Health Organization. World Malaria Report 2020: 20 Years of Global
Progress and Challenges. Geneva: World Health Organization (2020).

30. Jeyaprakasam NK, Liew JWK, Low VL, Wan-Sulaiman W-Y, Vythilingam I.
Plasmodium Knowlesi Infecting Humans in Southeast Asia: What’s Next?
PLoS Negl Trop Dis (2020) 14(12):e0008900. doi: 10.1371/journal.
pntd.0008900

31. Dengue and Severe Dengue . Available at: https://www.who.int/news-room/
fact-sheets/detail/dengue-and-severe-dengue.

32. Christofferson RC, Parker DM, Overgaard HJ, Hii J, Devine G, Wilcox BA,
et al. Current Vector Research Challenges in the Greater Mekong Subregion
for Dengue, Malaria, and Other Vector-Borne Diseases: A Report From a
Multisectoral Workshop March 2019. PLoS Negl Trop Dis (2020) 14(7):
e0008302. doi: 10.1371/journal.pntd.0008302

33. Roberts T, Parker DM, Bulterys PL, Rattanavong S, Elliott I, Phommasone K,
et al. A Spatio-Temporal Analysis of Scrub Typhus and Murine Typhus in
Laos; Implications From Changing Landscapes and Climate. PLoS Negl Trop
Dis (2021) 15(8):e0009685. doi:10.1371/journal.pntd.0009685

34. Hotez PJ, Bottazzi ME, Strych U, Chang L-Y, Lim YAL, Goodenow MM, et al.
Neglected Tropical Diseases Among the Association of Southeast Asian
Nations (ASEAN): Overview and Update. PLoS Negl Trop Dis (2015) 9(4):
e0003575. doi: 10.1371/journal.pntd.0003575

35. Dondorp AM, Yeung S, White L, Nguon C, Day NPJ, Socheat D, et al.
Artemisinin Resistance: Current Status and Scenarios for Containment. Nat
Rev Microbiol (2010) 8(4):272–80. doi: 10.1038/nrmicro2331

36. World Health Organization. Antimicrobial Resistance: Global Report on
Surveillance Vol. xxii. Geneva: World Health Organization (2014). p. 232.
Available at: https://apps.who.int/iris/handle/10665/112642.

37. Lee CY-P, Lin RTP, Renia L, Ng LFP. Serological Approaches for COVID-19:
Epidemiologic Perspective on Surveillance and Control. Front Immunol
(2020) 11:879. doi: 10.3389/fimmu.2020.00879

38. Sagara I, Woodford J, Dicko A, Zeguime A, Doucoure M, Kwan J, et al. SARS-
CoV-2 Seroassay Optimization and Performance in a Population With High
Background Reactivity in Mali. MedRxiv Prepr Serv Health Sci (2021)
2021.03.08.21252784:jiab498. doi:10.1093/infdis/jiab498

39. Tso FY, Lidenge SJ, Peña PB, Clegg AA, Ngowi JR, Mwaiselage J, et al. High
Prevalence of Pre-Existing Serological Cross-Reactivity Against Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) in Sub-Saharan Africa.
Int J Infect Dis (2021) 102:577–83. doi: 10.1016/j.ijid.2020.10.104

40. Yadouleton A, Sander A-L, Moreira-Soto A, Tchibozo C, Hounkanrin G,
Badou Y, et al. Limited Specificity of Serologic Tests for SARS-CoV-2
Antibody Detection, Benin. Emerg Infect Dis (2021) 27(1):233–7. doi:
10.3201/eid2701.203281

41. Emmerich P, Murawski C, Ehmen C, von Possel R, Pekarek N, Oestereich L,
et al. Limited Specificity of Commercially Available SARS-CoV-2 IgG ELISAs
in Serum Samples of African Origin. Trop Med Int Health TM IH (2021) 26
(6):621–31. doi: 10.1111/tmi.13569

42. Mveang Nzoghe A, Essone PN, Leboueny M, Maloupazoa Siawaya AC,
Bongho EC, Mvoundza Ndjindji O, et al. Evidence and Implications of Pre-
Existing Humoral Cross-Reactive Immunity to SARS-CoV-2. Immun
Inflammation Dis (2021) 9(1):128–33. doi: 10.1002/iid3.367

43. Manning J, Zaidi I, Lon C, Rosas LA, Park J-K, Ponce A, et al. Pre-Pandemic
SARS-CoV-2 Serological Reactivity in Rural Malaria-Experienced
Cambodians [Internet]. medRxiv (2021) 2021.09.27.21264000. doi: 10.1101/
2021.09.27.21264000v1

44. Chau NVV, Nhan LNT, Nguyet LA, Tu NTK, Hong NTT, Man DNH, et al.
Absence of SARS-CoV-2 Antibodies in Pre-Pandemic Plasma From Children and
Adults in Vietnam. Int J Infect Dis (2021) 111:127–9. doi: 10.1016/j.ijid.2021.07.072

45. Ng KW, Faulkner N, Cornish GH, Rosa A, Harvey R, Hussain S, et al.
Preexisting and De Novo Humoral Immunity to SARS-CoV-2 in Humans.
Science (2020) 370(6522):1339–43. doi: 10.1126/science.abe1107

46. Poston D, Weisblum Y, Wise H, Templeton K, Jenks S, Hatziioannou T, et al.
Absence of SARS-CoV-2 Neutralizing Activity in Pre-Pandemic Sera From
Individuals With Recent Seasonal Coronavirus Infection. Clin Infect Dis
(2020) 73(5):e1208–11. doi: 10.1093/cid/ciaa1803

47. Anderson EM, Goodwin EC, Verma A, Arevalo CP, Bolton MJ, Weirick ME,
et al. Seasonal Human Coronavirus Antibodies are Boosted Upon SARS-CoV-
Frontiers in Tropical Diseases | www.frontiersin.org 7
2 Infection But Not Associated With Protection. Cell (2021) 184(7):1858–64.
doi: 10.1016/j.cell.2021.02.010

48. Tan C-W, Chia W-N, Young BE, Zhu F, Lim B-L, Sia W-R, et al. Pan-
Sarbecovirus Neutralizing Antibodies in BNT162b2-Immunized SARS-CoV-1
Survivors. N Engl J Med (2021) 385:1401–6. doi: 10.1056/NEJMoa2108453

49. Anderson DE, Tan CW, Chia WN, Young BE, Linster M, Low JH, et al. Lack
of Cross-Neutralization by SARS Patient Sera Towards SARS-CoV-2. Emerg
Microbes Infect (2020) 9(1):900–2. doi: 10.1080/22221751.2020.1761267

50. Pinto D, Park Y-J, Beltramello M, Walls AC, Tortorici MA, Bianchi S,
et al. Cross-Neutralization of SARS-CoV-2 by a Human Monoclonal
SARS-CoV Antibody. Nature (2020) 583(7815):290–5. doi: 10.1038/
s41586-020-2349-y

51. Wec AZ, Wrapp D, Herbert AS, Maurer DP, Haslwanter D, Sakharkar M,
et al. Broad Neutralization of SARS-Related Viruses by Human Monoclonal
Antibodies. Science (2020) 369(6504):731–6. doi: 10.1126/science.abc7424

52. Dare RK, Fry AM, Chittaganpitch M, Sawanpanyalert P, Olsen SJ, Erdman
DD. Human Coronavirus Infections in Rural Thailand: A Comprehensive
Study Using Real-Time Reverse-Transcription Polymerase Chain Reaction
Assays. J Infect Dis (2007) 196(9):1321–8. doi: 10.1086/521308

53. Lam TT-Y, Jia N, Zhang Y-W, Shum MH-H, Jiang J-F, Zhu H-C, et al.
Identifying SARS-CoV-2-Related Coronaviruses in Malayan Pangolins.
Nature (2020) 583(7815):282–5. doi: 10.1038/s41586-020-2169-0

54. Hul V, Delaune D, Karlsson EA, Hassanin A, Tey PO, Baidaliuk A, et al. A
Novel SARS-CoV-2 Related Coronavirus in Bats From Cambodia. bioRxiv
(2021) 12(1):6563. doi: 10.1038/s41467-021-26809-4

55. Wacharapluesadee S, Tan CW, Maneeorn P, Duengkae P, Zhu F, Joyjinda Y,
et al. Evidence for SARS-CoV-2 Related Coronaviruses Circulating in Bats and
Pangolins in Southeast Asia. Nat Commun (2021) 12(1):972. doi:10.1038/
s41467-021-21240-1

56. Temmam S, Vongphayloth K, Salazar EB, Munier S, Bonomi M, Régnault B,
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