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Monkeypox virus (MPXV), the causative agent of 
mpox (formerly known as monkeypox), has re-

emerged as a major public health concern across the 
globe because of recent outbreaks. Accordingly, the 
World Health Organization declared public health 
emergencies of international concern, initially for the 
global mpox outbreak on July 22, 2022, and again on 
August 14, 2024, for ongoing mpox outbreaks in the 
Democratic Republic of the Congo and nearby coun-
tries (1,2). MPXV has circulated in endemic regions 
since the 1970s, primarily because of zoonotic spill-
over followed by limited household transmission (3). 
However, more efficient spread in humans via sexual 
contact led to ≈100,000 mpox cases during May 2022–
August 2024, including in 115 previously nonendem-
ic countries (4). 

After eradication of smallpox (caused by variola 
virus) in 1980, MPXV has become the major orthopox-
virus infecting humans. The increased incidence of 
mpox has likely been caused by several factors, such 
as an increase in the proportion of immunologically 
naive populations after discontinuing routine small-
pox vaccination and waning immunity in those per-
sons previously vaccinated. Increased surveillance 
and diagnostic testing have also led to the detection 
of mpox in various countries after several decades 
with no reported cases (5,6).

MPXV is classified into 2 distinct clades and fur-
ther into subclades on the basis of genetic differences 
(7). Historically, mpox cases caused by clade I and 
clade II MPXV were segregated to countries in central 
(clade I) and western (clade II) Africa, presumably 
because of geographic barriers separating the reser-
voir host(s) populations (Figure 1) (8). Clade I and II 
MPXV genomes differ by ≈0.4%–0.5% in nonrepeti-
tive regions conserved between the clades and by the 
presence of 4 large insertion/deletions (7); the clades 
are estimated to have evolved separately over hun-
dreds of years.

Clade II MPXV
Clade II MPXV (previously known as West African 
MPXV) was first identified in the 1970s. According 
to sequence data, clade II MPXV is divided into sub-
clades IIa and IIb. Before 2022, mpox cases caused by 
clades IIa and IIb were separated by the Dahomey 
Gap in West Africa (9), which might have been a geo-
graphic barrier for unknown MPXV reservoir hosts 
that enabled those 2 subclades to evolve separately 
(8,9). Clades IIa and IIb share ≈99.8% nucleotide iden-
tity in conserved nonrepetitive regions and can be 
differentiated by a large subclade-specific insertion/
deletion. In 2017, Nigeria reported an mpox outbreak 
caused by MPXV clade IIb after decades of no re-
ported cases (10). In 2022, clade IIb spread globally 
to many countries that had previously not reported 
mpox cases. Global mpox cases caused by clade IIb 
MPXV peaked for most countries during July–Oc-
tober 2022 (11), but the outbreak has been ongoing 
since then; low numbers of cases have been reported 
in many countries previously unaffected by mpox.

Since the 2017 outbreak in Nigeria, extensive 
human-to-human transmission of clade IIb MPXV 
has disproportionately impacted men who have sex 
with men through sexual activity (10,12,13), conflict-
ing with the general understanding of mpox cases in 
endemic countries as being caused by zoonotic spill-
over followed by limited person-to-person spread. 
Moreover, starting with MPXV sequences from Ni-
geria in 2017 through the 2022 global outbreak, it 
became clear that clade IIb MPXV was accumulating 
mutations at a faster rate than previously reported 
for orthopoxviruses (12–14). Most single-nucleotide 
polymorphisms were GA to AA mutations, linked 
to the activity of host innate immunity proteins be-
longing to the apolipoprotein B mRNA editing cata-
lytic polypeptide-like (APOBEC) 3 family (12–14). 
APOBEC3 family members exhibit diverse functions,  
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Mpox was first identified against the backdrop of the 
smallpox eradication campaign. Monkeypox virus 
(MPXV), the causative agent of mpox, has been main-
tained in animal reservoirs in the forested regions of 
West and Central Africa as 2 distinct clades; clade I 
has historically caused more severe infection in Cen-
tral Africa than clade II, historically found in West Africa. 
However, rapid reemergence and spread of both MPXV 
clades through novel routes of transmission have chal-
lenged the known characteristics of mpox. We summa-
rize mpox demographic distribution, clinical severity, and 
case-fatality rates attributed to genetically distinct MPXV 
subclades and focus on MPXV clade Ib, the more re-
cently identified subclade. Broad worldwide assistance 
will be necessary to halt the spread of both MPXV clades 
within mpox endemic and nonendemic regions to pre-
vent future outbreaks.
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including cytidine deamidation leading to signature 
G-to-A point mutations. The human genome encodes 6 
functional APOBEC3 proteins, including APOBEC3F, 
which has been shown to produce extensive G-to-A 
mutations in the MPXV genome in cultured cells (15). 
APOBEC3 signature mutations are not observed in 
MPXV lineages having documented zoonotic trans-
mission but are limited to those lineages involved in 
human-to-human transmission (i.e., clades Ia and IIa) 
(12,13); accumulations of APOBEC3-mediated signa-
ture mutations in MPXV lineages are now considered 
an indicator of sustained human-to-human transmis-
sion. It is not clear how those host-induced mutations 
are affecting MPXV; however, no evidence exists 
suggesting they cause increased virulence. The muta-
tions have been reported across the genome in both 
coding and noncoding regions. In animal models, 
clade IIb viruses have been associated with decreased 
virulence compared with clades Ia and IIa (16), but 
genetic differences between those clades are not lim-
ited to APOBEC3-mediated mutations.

Clade I MPXV
Whereas clade IIb MPXV spread globally in 2022 and 
2023, mpox cases caused by clade I MPXV were report-
ed only in known mpox-endemic countries: the Dem-
ocratic Republic of the Congo (DRC), the Republic  

of Congo, Gabon, Cameroon, and Central African 
Republic. None of the clade I–endemic countries re-
ported cases caused by clade IIb MPXV during the 
2022 global clade II outbreak except for Cameroon 
(only country in which clades I and II were both en-
demic before 2022), although virus characterization 
and testing were limited. Since 2022, the number of 
suspected clade I–associated mpox cases and deaths 
in DRC has increased considerably, and the high-
est number of suspected mpox cases in DRC was 
recorded in 2024 (17). Epidemiologic and genetic 
investigations of mpox in DRC during 2023–2024 
revealed multiple outbreaks occurred involving dif-
ferent transmission dynamics, geographic distribu-
tion, and affected populations. 

Although mpox is endemic to DRC, in 2023 
and 2024, mpox cases were being reported in previ-
ously disease-free areas in persons >15 years of age, 
whereas in other provinces those <15 years of age 
were most affected. Historically, children have been 
the most vulnerable to and affected by clade I–associ-
ated mpox in DRC; >80% of suspected cases and the 
highest case-fatality rates (CFRs) have been recorded 
in children <15 years of age (3). The historically high 
incidence of mpox in children was predominantly 
thought to be mediated by zoonotic spillover or oc-
casional household transmissions (18). 

Figure 1. Geographic distribution of countries in Africa considered endemic for mpox caused by monkeypox virus clades I and II. Clade 
I (blue dot) and clade II (green dot) indicate historic imported mpox cases linked to mpox-endemic areas through known travel before 
2022. Geographic separation of clades in Cameroon is approximate.
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In late 2023, South Kivu, a province with few 
mpox cases, reported an mpox outbreak that had sex-
ual contact as a primary factor for virus transmission 
(19). The MPXV causing cases in South Kivu was ge-
netically distinct from clade I MPXV sequences from 
other regions of DRC (19,20), indicating that 2 distinct 
subclades were causing outbreaks in that country; the 
subclades have officially been designated Ia (which 
includes historical clade I MPXV sequences) and Ib 

(Figure 2, panels A, B) (19,20). Since late 2023, clade 
Ib MPXV has spread beyond South Kivu into other 
provinces of DRC and internationally to countries 
that had not previously reported mpox (Figure 3). 
The mpox outbreak caused by clade IIb continues 
to be associated with person-to-person transmission 
through both sexual and nonsexual close contact.

Although clade Ib MPXV has been recently dis-
covered and named, similar MPXV sequences were 

Figure 2. Phylogenetic analysis of clade I monkeypox virus (MPXV) sequences. A) Phylogenetic tree estimated for sequences from 
1970–2024 according to core single-nucleotide differences among 103 clade I MPXV genomes. Sequences are identified by country 
(3-letter code) and collection date (year-month). Red branches indicate MPXV clade Ia; blue branches indicate clade Ib. Numbers at 
branch points indicate bootstrap support values (percentage of 1,000 replicates). B) Phylogenetic analysis of select clade Ib MPXV 
sequences. Blue text in gray box indicates sequences linked to persons who had traveled to UAE. Phylogenetic analyses were 
performed by using the maximum-likelihood method and the 3 substitution types model and equal base frequency plus empirical base 
frequencies plus proportion of invariable sites substitution model in ModelFinder (IQ-TREE version 2.2.6, https://iqtree.github.io). 
Whole-genome alignments of sequences downloaded from GISAID (https://www.gisaid.org) and GenBank (Appendix, https://wwwnc.
cdc.gov/EID/article/31/8/24-1551-App1.xlsx; data contributor information, https://doi.org/10.55876/gis8.250505zb) databases were 
generated by using MAFFT version 7.490 (https://mafft.cbrc.jp/alignment/software). Trees were rooted by using clade II reference 
genomes: ON627808, ON585033, DQ011156, and DQ011153. Clade Ia sequences are not shown in the tree in panel B. Scale bars 
indicate nucleotide substitutions per site. BDI, Burundi; CAN, Canada; CHN, China; CMR, Cameroon; DEU, Germany; DRC, Democratic 
Republic of the Congo; GAB, Gabon; GBR, United Kingdom; IND, India; KEN, Kenya; PAK, Pakistan; ROC, Republic of Congo; THA, 
Thailand; UAE, United Arab Emirates; UGA, Uganda; USA, United States.
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collected during 2011–2012 in North and South Kivu 
(21), suggesting a clade Ib ancestor of the virus caus-
ing the 2023–2024 outbreak might have been present 
in the same region years earlier (21). Clade Ib MPXV 
sequences from the 2023–2024 outbreak are character-
ized by low overall genetic diversity, the accumula-
tion of APOBEC3-mediated signature mutations, and 
a large 1,142-bp genomic deletion relative to clade 
Ia (19), resulting in loss of the complement control 
protein (CCP) gene. Although low genetic diversity 
within the clade Ib outbreak lineage is indicative 
of a recent outbreak, the abundance of APOBEC3- 
induced mutations is an indicator of sustained hu-
man-to-human transmission. However, transmission 
and demographic data for clade Ib suggests that in-
creased sexual transmission, including through fe-
male sex trade workers, was predominantly driving 
the initial outbreak and subsequent sustained trans-
mission (22). Clade Ia MPXV sequences from across 
DRC had much higher overall genetic diversity (≈10-
fold higher than clade Ib) and a lower proportion of 
APOBEC3-induced signature mutations, suggesting 
that, unlike the clade Ib outbreak lineage, sustained 
human-to-human spread of clade Ia has not been per-
vasive throughout DRC, according to sequence data 
from 2018 through early 2024. Epidemiologic and ge-
netic data for clade Ia MPXV still largely support the 
modality of zoonotic spillover followed by occasional 
human-to-human transmission or small outbreaks, 
but how the virus is repeatedly introduced into the 
human population is poorly understood.

One exception to the association between MPXV 
clade subtypes and zoonotic (clade Ia) or human-

to-human (clade Ib) transmission has been reported 
in Kinshasa, DRC, where mpox outbreaks caused 
by both clade Ia and Ib MPXV are ongoing (23; T. 
Wawina-Bokalanga et al., unpub. data, https://doi.
org/10.1101/2024.11.15.24317404). MPXV sequenc-
es from the Kinshasa outbreaks have accumulated 
APOBEC3-induced mutations (T. Wawina-Bokalan-
ga et al., unpub. data), regardless of the clade sub-
type, reinforcing the notion that accumulation of  
APOBEC3-induced mutations is a molecular indica-
tor of sustained human-to-human transmission. Since 
2022, many investigations have focused on genetic 
changes that might have occurred in clade IIb MPXV 
that led to a global outbreak. Current evidence has 
not identified any subclade-specific virus adaptations 
that can explain why clade Ia, Ib, and IIb lineages 
have led to large outbreaks, suggesting that environ-
mental factors (i.e., the network of persons into which 
the virus is introduced) play a critical role. Clade Ia, 
Ib, and IIb lineages have each caused outbreaks with 
sustained human-to-human transmission; thus, it is 
clear that any MPXV clade or subclade has the po-
tential to cause such outbreaks, if (or when) the virus 
is introduced into a permissive transmission network 
that supports sustained transmission (23; T. Wawina-
Bokalanga et al., unpub. data). Continued genomic 
sequence surveillance is critical to monitor ongoing 
mpox outbreaks in DRC and beyond.

Comparisons of MPXV Clade Pathogenesis  
and Spread
Clinical studies of mpox in humans, as well as animal 
studies, have reported higher fatality rates for clade I 

Figure 3. Global distribution of laboratory-confirmed cases of clade I monkeypox virus according to subclade during January 1, 2024–
April 27, 2025 (31). Size of circles indicates estimated number of cases.
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than clade II infections; a higher number of persons 
with severe disease and more nonsexual human-to-
human spread have also been reported for clade I 
MPXV (before the current outbreaks) compared with 
clade II infections (7,16,24,25). However, the patho-
genesis, CFRs, and standards of treatment for mpox 
have varied for clades I and II. From a review of his-
toric literature published before 2020, CFRs were es-
timated to be 10.6% for clade Ia and 3.6% for clade II 
MPXV infections without any medical intervention, 
and those estimates were likely influenced by limited 
or biased testing (26). Even in 2023, the CFR for clade 
I–associated suspected and confirmed mpox cases in 
DRC was estimated at 4.5% (27). However, general 
medical interventions have been shown to decrease 
CFR for MPXV clade I–associated cases. For instance, 
a 1.38% CFR was observed in the town of Kole dur-
ing a natural history observational clinical study that 
included standard medical care (28), and a 1.7% CFR 
was observed with similar care during a clinical trial 
testing tecovirimat (both presumably clade Ia studies) 
(29). The mpox CFRs in South Kivu (which has only 
reported clade Ib MPXV infections) have consistently 
stayed <1% for suspected cases (27,30,31), lower than 
for clade Ia infections elsewhere in DRC. In addition, 
Burundi, which has had a clade Ib–associated mpox 
outbreak because of cross-border spread from DRC, 
had 1,607 confirmed mpox cases but only 1 fatality 
reported during July 22–October 31, 2024; moreover, 
in 1 Burundi study, ≈50% of mpox infections were in 
children, with no reported deaths (31–33). Taken to-
gether, those preliminary data suggest a lower CFR 
for clade Ib than for clade Ia, but additional studies 
are needed to confirm that difference. 

CFR estimates can be affected by differences in 
populations, demographics, and underlying health 
conditions (including food insecurity); access to 
healthcare; and testing biases. For example, the CFR 
(≈0.2% globally) for mpox caused by the clade IIb 
global outbreak lineage was considerably less than 
historical estimates for clade II, according to data 
from parts of the world with access to strong medical 
care systems. CFRs and clinical details from Kinshasa 
and other areas of DRC where clade Ia and Ib are co-
circulating in comparable populations will provide a 
more reliable comparison of disease severity caused 
by those subclades (4).

Comparisons of MPXV genomic sequences re-
vealed loss of the CCP gene (also known as mon-
keypox inhibitor of complement enzymes, encod-
ed by D14L, a homologue of smallpox inhibitor of 
complement enzymes of vaccinia virus Copenhagen, 
encoded by C4L) in clades II and Ib compared with  

clade Ia. Researchers have hypothesized that deletion 
of the CCP gene might be the reason for decreased 
CFRs and disease severity historically reported for 
mpox caused by clades II and Ib compared with clade 
Ia viruses. However, animal studies investigating the 
effect of CCP gene loss have produced conflicting re-
sults. In 1 study, targeted deletion of the CCP gene 
from clade Ia MPXV (isolate ROC-2003-358) caused 
significantly decreased illness and death in infected 
prairie dogs, whereas addition of that gene to clade 
IIa MPXV caused slight changes in disease manifesta-
tion but had no apparent effect on disease-associated 
death (34). In another study, replacing large regions 
of the terminal genome of clade Ia with a correspond-
ing sequence from clade IIa did not produce a differ-
ence in animal survival (35). A third study in nonhu-
man primates found differences in adaptive immune 
responses when the CCP gene was deleted from clade 
Ia MPXV (isolate Zaire-1979 005) (36). Investigators of 
all 3 studies concluded that the CCP deletion was not 
solely responsible for the differential pathogenicity 
between the clades (34–36). Additional animal stud-
ies with clade Ib isolates will help elucidate whether 
the genetic changes observed (CCP deletion and oth-
er mutations) do indeed result in a less virulent vi-
rus compared with clade Ia isolates. Other mutations 
(induced by APOBEC3 and non-APOBEC3 proteins) 
that distinguish clades Ia and Ib might also contrib-
ute to lower CFRs currently observed for clade Ib 
in South Kivu and Burundi compared with those of 
clade Ia cases elsewhere in DRC.

Even if clade Ib is confirmed to be less virulent 
than clade Ia, recent reports highlight the threat of 
that virus subclade, which appears to spread efficient-
ly via sexual contact and within some household set-
tings. Spread of clade Ib has occurred beyond South 
Kivu into neighboring and nonneighboring provinces 
of DRC, including the capital city Kinshasa, as well as 
internationally to multiple surrounding countries; >30 
travel-associated cases have been reported outside of 
Africa. Because of privacy concerns, the country (or 
countries) to which patients had traveled was not re-
leased for most of those cases. However, only ≈17% 
had traveled to DRC; the remaining patients (≈80%) 
for which the US Centers for Disease Control and Pre-
vention had received travel information had traveled 
to other countries in Africa that had sustained clade 
Ib outbreaks or to the United Arab Emirates (UAE). 
Eight mpox cases caused by clade Ib from 5 differ-
ent countries (China, India, Oman, Pakistan, and 
Thailand) have been reported in persons who trav-
eled to UAE. Sequences from 6 cases linked to UAE 
travel form a monophyletic cluster (Figure 2, panel B),  

http://www.cdc.gov/eid
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suggesting a common ancestor. Considering the com-
mon travel history, the simplest explanation for clus-
tering of those cases is exposure of the travelers to 
MPXV in UAE. Data suggest the presence of a similar 
strain of MPXV in Uganda and UAE around Septem-
ber/October 2024. Infections with the same strain in 
travelers to UAE during January–March 2025 warrant 
investigation into the possibility of sustained person-
to-person transmission in UAE. Travelers should 
be aware of the exposure risks for clade Ib mpox in 
countries with ongoing clade I transmission (37).

Mpox Diagnostics and Treatment
The genomic deletion characteristic of recent clade Ib 
sequences prevents detection by commonly used PCR 
developed for clade I (38). When performing clade-
specific PCR that targets nonessential genes, labora-
tories should also use PCR targeting other genomic 
regions, including essential genes, such as the DNA 
polymerase gene (target of the Centers for Disease 
Control and Prevention nonvariola orthopoxvirus 
test) (39,40), to ensure mpox cases caused by clade Ib 
are not missed. In the United States, the recommend-
ed approach is to first (or concurrently) test by using a 
nonvariola orthopoxvirus or generic MPXV PCR tar-
geting a conserved region. Then, after orthopoxvirus 
or MPXV is confirmed, additional clade-specific PCR 
or sequencing can be used (if needed) to determine 
the clade.

Irrespective of the differences in clades, the 
current smallpox and mpox vaccines are expected 
to be effective in controlling the spread and sever-
ity of disease because orthopoxviruses (e.g., MPXV 
[clades Ia, Ib, IIa, and IIb], vaccinia virus, variola 
virus) are >90% genetically related. Genetic relat-
edness was the premise and success behind small-
pox eradication, which used vaccinia virus vaccine 
to cross-protect against smallpox. Live, replicating 
smallpox vaccines (e.g., ACAM2000; Emergent Bi-
oservices, https://emergentbio.com) are contrain-
dicated for immunocompromised persons and those 
with certain skin conditions. Hence, nonreplicating 
modified vaccinia Ankara vaccines, MVA-BN (Ba-
varian Nordic, https://www.bavarian-nordic.com) 
and JYNNEOS (https://jynneos.com), have been 
widely used in the United States and have been ap-
proved for use in adults >18 years of age. More than 
1.2 million vaccine doses have been administered in 
the United States, and only very few vaccine break-
through cases have been reported for most vac-
cinated persons after >2 years since completion of 
both doses (41). Those breakthrough case-patients 
also tended to exhibit milder disease course with no  

hospitalizations compared with unvaccinated pa-
tients (42). Multiple studies evaluating vaccine ef-
fectiveness for MVA-BN demonstrated >66%–86% 
protection against mpox (clade IIb); 2-dose vacci-
nations provided higher levels of protection than 
a single dose (43–45). To control clade I–associated 
mpox, several countries (DRC, Rwanda, Central Af-
rican Republic, and Uganda) experiencing that out-
break have extended temporary or emergency use 
authorization of MVA-BN in adults, and vaccination 
of high-risk populations is ongoing. The European 
Medicines Agency approved MVA-BN for adoles-
cents 12–17 years of age in late 2024, and the World 
Health Organization recently prequalified the vac-
cine for that same age group. In addition to MVA-
BN, another smallpox vaccine, LC-16 (attenuated 
strain of vaccinia virus strain Lister; KM Biologics, 
https://www.kmbiologics.com), received emergen-
cy authorization in DRC. Unlike MVA-BN, LC-16 is 
a minimally replicating vaccine requiring 1 dose and 
approved for use in persons >1 year of age.

For many mpox patients in the United States, 
the smallpox antiviral drug tecovirimat (inhibits ex-
tracellular virus formation) has been administered 
as the primary therapeutic intervention through an 
expanded access investigational new drug protocol. 
For severe mpox cases or those patients at risk for 
severe disease (e.g., immunocompromised persons), 
combination therapy with tecovirimat and other an-
tiviral drugs approved for smallpox treatment, such 
as cidofovir, brincidofovir (inhibits DNA replication), 
and vaccinia immune globulin, has been sometimes 
recommended on the basis of clinical needs of the pa-
tient (46). Prolonged treatment with tecovirimat has 
led to the development of resistant viruses; limited 
spread of resistant viruses among persons with no 
previous treatment has been observed, indicating the 
importance of containment and surveillance to detect 
those viruses (47,48). A randomized controlled study 
to determine the effectiveness of tecovirimat against 
clade I mpox in DRC reported no improvement in 
mpox resolution (30,49). A study on tecovirimat ef-
ficacy against clade IIb MPXV infections in the United 
States reported similar results (50). Additional stud-
ies assessing alternative drugs, earlier treatment with 
tecovirimat (i.e., before lesion onset), tecovirimat effi-
cacy in immunocompromised persons, and combina-
tion treatment with other interventions are still need-
ed. Because of the spread of mpox to many countries 
that historically did not see cases, including ongoing 
cases of clade IIb–associated mpox 2 years after the 
start of the outbreak, effective therapeutic agents for 
mpox are urgently needed.

http://www.cdc.gov/eid
https://emergentbio.com
https://www.bavarian-nordic.com
https://jynneos.com
https://www.kmbiologics.com
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Conclusion
Mpox is an old disease but is now reemerging and 
causing international concern because of decreas-
ing population immunity and sustained human-to-
human transmission mediated through global travel, 
increased animal–human interfaces, and expansive 
sexual networks, leading to spread from small geo-
graphic regions and establishment of the disease in 
various parts of the world. Renewed global attention 
to mpox has occurred yet again because of the surge 
in reported mpox cases caused by clade I MPXV in 
DRC and the spread of the newly recognized clade 
Ib virus. Although clade Ib is in the spotlight, the re-
mote forested regions of DRC where zoonotic clade Ia 
MPXV continues to circulate should not be forgotten. 
Broad worldwide assistance is necessary to halt the 
spread of both clade Ia and Ib within Africa to pre-
vent future outbreaks.
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