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Background. On May 6, 2022, a powerful outbreak of monkeypox virus (MPXV) had been reported outside of Africa, with
many continuing new cases being reported around the world. Analysis of mutations among the 2 different lineages present in
the 2021 and 2022 outbreaks revealed the presence of G->A mutations occurring in the 5'GpA context, indicative of APOBEC3
cytidine deaminase activity.

Methods. By using a sensitive polymerase chain reaction (differential DNA denaturation PCR) method allowing differential
amplification of AT-rich DNA, we analyzed the level of APOBEC3-induced MPXV editing in infected cells and in patients.

Results. We demonstrate that G->A hypermutated MPXV genomes can be recovered experimentally from APOBEC3
transfection followed by MPXYV infection. Here, among the 7 human APOBECS3 cytidine deaminases (A3A-A3C, A3DE, A3F-
A3H), only APOBEC3F was capable of extensively deaminating cytidine residues in MPXV genomes. Hyperedited genomes
were also recovered in ~42% of analyzed patients. Moreover, we demonstrate that substantial repair of these mutations occurs.
Upon selection, corrected G->A mutations escaping drift loss contribute to the MPXV evolution observed in the current epidemic.

Conclusions.

Stochastic or transient overexpression of the APOBEC3F gene exposes the MPXV genome to a broad spectrum of

mutations that may be modeling the mutational landscape after multiple cycles of viral replication.
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Monkeypox (Mpox) is a neglected, zoonotic infectious disease
caused by the Mpox virus (MPXV). This virus belonging to the
Orthopoxvirus genus consists of a double-stranded, 197-kb de-
oxyribonucleic acid (DNA) genome. Monkeypox virus was first
isolated in 1958 from a Macaca fascicularis, having originated
from Singapore and imported to Copenhagen, which subse-
quently caused an outbreak in captive Cynomolgus monkeys
[1]. By 1970, the virus proved capable of a zoonotic jump to hu-
mans, but it remained contained in Africa, causing isolated ep-
isodes of infection. This was until 2003, when an outbreak
related to the import of small African mammals appeared in
the United States [2]. In 2017, the largest Mpox outbreak in
West Africa occurred in Nigeria [3], after decades of no identi-
fied cases. From 2018 to 2021, several cases had been imported
from Nigeria to nonendemic countries such as United
Kingdom, Israel, and Singapore [4-7]. In May 2022, a rapidly
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growing multicountry outbreak involving individuals without
travel history to Mpox-endemic countries was identified. By
July 23, 2022, the World Health Organization declared a
Public Health Emergency of International Concern. As of
April 13,2023, 86 956 Mpox confirmed cases have been report-
ed [8]. International sequencing efforts revealed that the 2022
outbreak virus belongs to MPXV clade IIb (part of the formerly
designated “West African” clade) [9] and forms a divergent lin-
eage (B.1) that descends from genomes related to the 2017-
2018 outbreak in Nigeria [10].

The extent of the divergence of the 2022 outbreak genomes
from the related 2018-2019 viruses is striking, considering the
estimated substitution rate for orthopoxviruses [11]. The most
accumulated mutations in the 2022 MPXV genomes (42 of 47
mutations) correspond to cytidine (C) to thymine (T) (C->T)
transitions, occurring in the 5'TpC context (5'TpC->TpT or
5'GpA->ApA in the reverse strand) [12, 13]. This mutation sig-
nature is unique but pervasive in recent clade IIb genomes, with
significant signal in sublineage branches. More importantly, this
signature is absent from clade I, ITa or older clade IIb MPXV ge-
nomes and brings to the forefront the recent activity of
APOBEC3 (A3) cytidine deaminases [10, 14, 15].

In the last 2 decades, it has emerged that the human A3 locus
encodes 6 functional polynucleotide cytidine deaminases (A3A,
A3B, A3C, A3F, A3G, and A3H) [16], originally described as
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innate cellular restriction factors against viruses and retroele-
ments through the deamination of C to U in single-stranded
DNA [17-22]. These deamination events occur preferentially
in the context of 5"TpC, with the exception of A3G, which pre-
fers 5’CpC dinucleotides [23-26].

In this work, we demonstrated that G->A hypermutated
MPXV genomes can be recovered experimentally from A3F
transfection followed by MPXV infection. In addition, hyper-
edited MPXV genomes were recovered in ~42% of analyzed
patients, indicating that editing occurs in vivo.

METHODS

Cells and Virus

HeLa cells (human epithelial cells; CCL-2, ATCC) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco), supplemented with heat-inactivated fetal calf serum
(10%), penicillin (50 U/mL), and streptomycin (50 mg/mL)
and were grown in 75-cm? cell culture flasks in a humidified at-
mosphere containing 5% CO,.

A virus from the 2022 MPXV outbreak was isolated, and a
stock was produced on Vero cells [27]. Passage 2 stock was tit-
tered by plaque-forming assay in 24-well plates and sequenced.
The obtained titer was 2 x 10° plaque-forming units/mL.

Transfection, Viral Infections, Differential DNA Denaturation Polymerase
Chain Reaction, Cloning and Sequencing

Transfections were performed independently in triplicate on
HelLa cells. Briefly, 2.5 x 10° HeLa cells were transfected with
1 pg of individual plasmids encoding either A3A, A3B, A3C,
A3F, A3G, A3H, or an empty plasmid (ep) as control, using
jetPRIME (Polyplus). At 24 hours posttransfection, HeLa cells
were infected with MPXV at a multiplicity of infection of 1 for
24 hours. Total DNA from HeLa-infected cells was extracted
with the QiAmp DNA Mini kit (QIAGEN). Differential DNA
denaturation polymerase chain reaction (3D-PCR) was per-
formed on an Eppendorf gradient Master S programmed to
generate a 78°C-82°C or 76°C-86°C gradient in the denatura-
tion temperature (Td). This technique relies on the fact that
AT-rich DNA denatures at a lower temperature than GC-rich
DNA [28] and has proven successful at selectively amplifying
APOBECS3-edited viral DNA for hepatitis B virus [29, 30], pap-
illomaviruses (human papillomavirus) [31], herpesviruses
(herpes simplex virus, Epstein-Barr virus) [32] as well as for vi-
ruses with a DNA intermediate, such as retroviruses [33, 34].
A fragment of the BIOR ER-localized apoptosis regulator
(Cop-B9R)  gene 168241-168906,
GenBank accession MT903344) was amplified by using a nest-

position (nucleotide
ed procedure. For the in vitro experiments, the first-round
primers were 5° GACTAAATTTCTCGGTAGCACATCGAA
and 5° GGGACACCTGTATTCATGTTACTGAA. First PCR
conditions were as follows: 5 minutes 95°C then (1 minute

95°C, 1 minute 58°C, 2 minutes 72°C) X 42 cycles. The PCR
products were purified from agarose gels (NucleoSpin Gel
and PCR Clean-up; Macherey-Nagel). Nested PCR (position,
168303-168445) was performed with 1/100 of the purified first-
round PCR products, primers were 5 CTATCATCTACTCAA
TGTCTATTAGACG and 5'GTTCTGTACATTGATCATA
TATAACTACTC, and amplification conditions were as fol-
lows: 5 minutes 95°C then (30 seconds 78°C-82°C, 30 seconds
58°C, 1 minute 72°C) X 45 cycles, then 20 minutes 72°C.

For the PCR amplification of MPXV from patients, the first-
round primers were identical to the in vitro amplification.
Nested PCR (nucleotide 168240 to 168487) was performed
with 1/100 of the purified first-round PCR products, primers
were 5° TAACGCCCTTGGCTCTAACCATTTTCAA and 5’
GACGTGTTTGTTGAGTATCGGTGATAA, and amplifica-
tion conditions were as follows: 5 minutes 95°C then (30 sec-
onds 76°C-86°C, 30 seconds 58°C, 1 minute 72°C) X 45
cycles, then 20 minutes 72°C. The choice to use different inter-
nal primers during the 3D-PCR for the experiments performed
in vitro provided a higher heterogeneity of MPXV populations,
thus facilitating the mutational analysis.

The 3D-PCR products were purified from agarose gels
(NucleoSpin Gel and PCR Clean-up) and ligated into the
TOPO TA cloning vector (Invitrogen), and ~20-100 colonies
were sequenced. A minimum threshold of 2 G->A transitions
per sequence was imposed to reduce the impact of MPXV nat-
ural variation and PCR error in designating A3 editing.

Phylogenetic Analyses
We retrieved all complete or near-complete MPXV sequences
available on GenBank as of July 4, 2022. Sequences were aligned
to reference sequence (accession MT903344) using MAFFT
v7.467 (option —thread 20 —auto -keeplength —addfragments),
and positions 0-1500, 2300-3600, 6400-7500, 133050-133250,
173250-173460, and 196233-end were masked (replaced with
N) using goalign v0.35 [35] (options mask —s<start > -1). The
latter step avoids keeping sites that contain interfering phyloge-
netic signal (regions with too much diversity, with long homo-
polymers or repetitive elements). From this multiple sequence
alignment, a phylogenetic tree with bootstrap supports was in-
ferred using IQ-TREE 2 v2.0.6 (options -nt 20 —safe -m GTR +
G4 + FO -seed 123456789 -b 100) [36]. The tree was rooted us-
ing the sequence NC_003310 as outgroup (concordant with the
root detected by temporal signal using Tempest v1.5.3 [37]).
Ancestral sequences at each internal node of the phylogeny
were inferred using raxml-ng v1.0.1 [38] (options —ancestral
-msa <msa > —tree < iqtree tree > -model GTR + G4 + FO),
and all mutations corresponding to branches of interest were
counted using a dedicated script.

To compute the expected number of each type of mutation,
we simulated sequences along the tree (at internal nodes and
tips), 100 times, using seq-gen v1.3.4 (https:/github.com/
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rambaut/Seq-Gen), taking the inferred ancestral sequence as
the root sequence, with GTR model and the parameter values
(rate parameters, state frequencies, and alpha parameter of
the gamma distribution) initially optimized by IQ-TREE 2
while inferring the tree. We then counted the mutations be-
tween internal node sequences corresponding to branches of
interest and averaged the number of mutations over the 100
simulations.

Sanger Sequencing Data Analysis

We preprocessed the isolate sequence (GenBank accession no.
ON755039), to keep the subsequence from positions 168239 to
168487 (numbering according to the reference sequence,
GenBank accession no. MT903344), using goalign v0.3.6a (op-
tions subseq —s<start > -1). We then mapped the sequences of
all the samples to this reference using minimap v2.24 [39] (op-
tions -a -x splice —sam-hit-only -secondary =no -score-N =
0). We converted the sam files to a multiple sequence alignment
using gofasta v1.1.0 [40] (options sam toMultiAlign -s<sam
> —start 168240 —end 168487). We then removed sequences
having more than 70% N using goalign v0.3.6a (options clean
seqs —char N -c 0.7). Alignment and Sanger sequence traces
were visually inspected using Geneious Prime (Biomatters
Ltd.) We finally counted the different mutations and their con-
text on the reference sequence using a python script (https:/
github.com/Simon-LoriereLab/MPXV _apo).

Ethical Statement

The IRBA is the national reference center for orthopoxviruses
(Le Centre National de Référence Laboratoire Expert
Orthopoxvirus), designated by the French Ministry of Health
(through the “Arrété du 7 mars 2017 fixant la liste des centres
nationaux de référence pour la lutte contre les maladies trans-
missibles”) to process the samples for identification and charac-
terization of MPXV. The patient signed an informed consent,
and the sample subjected to viral genetic characterization was
processed in an anonymized fashion. All work with infectious
virus was performed in biosafety level 3 containment
laboratories.

RESULTS

To visualize the presence of the A3 signature, a phylogenetic
tree representing the clade I, ITa, and IIb genomes was generat-
ed (Figure 1). The tree presents the number and nucleotide
context of each type of mutations (colored bars) that occurred
at different branches (between inferred ancestral sequences).
This shows a clear signature starting from clade A.2 and A.1
that is not expected under the substitution model used for
tree inference (empty bars). In particular, we observed a signif-
icantly high overrepresentation of 5'TpC->TpT mutations (5
GpA->ApA in the reverse strand), suggesting that the analyzed

context is not indicative with A3G-induced editing [41], and a
high underrepresentation of the other mutations in these
clades, compared to the base model and to the other clades.
A complete phylogeny with tip names is presented in
Supplementary Figure 1. These monotonous mutations, occur-
ring in a specific context, reflects the footprint of an A3 cytidine
deaminase and confirm the findings observed by previous stud-
ies [10, 12, 15, 41-43].

To determine whether A3 enzymes are capable of editing
MPXYV genomes, HeLa cells were transfected with A3A, A3B,
A3C, A3F, A3G, A3H, or with an ep used as a negative control,
and then infected with a low passage 2022 MPXYV isolate [27].
A3DE is a nonfunctional enzyme and was not used in this study
[44]. The use of HeLa cells is not physiological; however, in vi-
tro assays have shown that these cells are susceptible and capa-
ble of maintaining MPXV replication, resulting in a high titer
virus stock [45, 46].

Differential DNA denaturation polymerase chain reaction
(3D-PCR) was used to detect and selectively amplify AT-rich
edited genomes located in MPXV BIOR ER-localized apoptosis
regulator (Cop-B9R) gene [28]. As shown in Figure 24, 81.2°C
was the minimal temperature that allowed amplification of the
MPXV genome with A3A, A3B, A3C, A3G, A3H, and ep.
Specifically, it was possible with A3F overexpression to selec-
tively amplify MPXV DNA at 80.7°C, indicating a higher mu-
tational burden. The A3F enzyme was able to extensively
deaminate MPXV DNA (Figure 2B), with the complete se-
quences presented in Supplementary Figure 2. Sequencing re-
vealed extensive and monotonous cytidine deamination of
both DNA strands (Figure 2C). We determined that the
mean of G->A editing frequency was ~22% (range, 5%-79%
per clone). Analysis of the dinucleotide context of edited sites
showed a strong 5’ effect favoring 5'GpA (5'TpC in the oppo-
site DNA strand) typical of A3F enzyme [23-26] (Figure 2D).
By contrast, there was no pronounced 3’ nucleotide context,
such as 5'CpG, thus ruling out a cytidine hypermethylation/
deamination-related phenomenon (data not shown).

Next, we tested whether edited MPXV genomes could be de-
tected in patients. The 3D-PCR was performed on DNA ex-
tracted from 24 MPXV-infected patients presented in
Supplementary Table 1. A Td gradient from 77°C-82°C was
performed with the latest Td presented (Figure 3A). The
3D-PCR products were recovered at a Td as low as (1) 78.6°C
for patients 10, 15, and 20 and (2) 25°C and 79.9°C for patients
02, 04, 18, and 27. Comparatively, we observed that editing by
A3F has a Td = 79°C. These Tds were below the limiting Td =
81.2°C corresponding to unedited DNA obtained with the ep
transfection or with a molecular clone of MPXV. It is interest-
ing to note that MPXV detected with a Td = 81.4°C for patients
03, 05, 07, 11, 12, 13, 14, 16, 19, 23, 24, 28, 29, and 30 are not
edited either. Finally, when considering the most selective Td
by 3D-PCR, we observed that 10 of the 24 (~42%) patient
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inthe 5'TpC->TpT and 5'(A or C or G)pC->(A or C or G)pT contexts, whereas the red boxes indicate all other types of mutations. Empty bar plots represent the average number
of mutations obtained over 100 simulations under the substitution model used for tree inference. Tree scale is given in number of mutations per site, as output by phylogenetic

inference software.

1424 « JID 2023:228 (15 November) « Suspéne et al



T C G A T C G A
56805 et T 09 Se T i
bpM-‘\‘b'\‘b’\q”\%’\q’\q‘b%%\%\%\@‘M T 2101 T 1100
400| —
MPXV+ep,A3A,A3B, C| 0 oflo cl 1] 0|0
200|
A3C, A3G, A3H alolo 5 clolo e
* Al1]of1 Alo|o|a4
MPXV+A3F
L L L I 1 ] MPXV+ep@81.2°C MPXV+A3F@80.7°C
n=4290 bp n=4004 bp
D
%
%?f 'I‘G'I‘TCB'I‘CGCCCABC'I‘GCMGTGGAGGATTGATMCTEAAGGCAATGGA 1005 . Exp.
02 . A 80 -
7 +,
§§ % B vexv+AsE
06 Al 607
07 A
08 A 40
Ref GCCAA.RGA'I"I"I‘C'{‘ATCCCGAAAGMCTGATTGCAGTGTTCATCGCCCAA 20
$5 chnu e r e R e gt e
0
GpA GpG GpC GpT

Figure 2.  APOBEC3F editing of monkeypox virus (MPXV) DNA. (A) Differential DNA denaturation polymerase chain reaction (3D-PCR) recovered A3F and empty plasmid
vector, A3A-A3C, A3G, A3H-edited MPXV genomes down to 80.7°C and 81.2°C, respectively. Asterisks refer to the samples cloned and sequenced. (B) Mutation matrices for
hyperedited Cop-BIR sequences derived from cloned 80.7°C and 81.2°C 3D-PCR products. n indicates the number of bases sequenced and corresponds to 28 and 30 se-
quences X 143 base pairs (bp) for ep or A3F + MPXV, respectively. (C) A selection of hypermutated A3F G->A and C->T edited MPXV genomes (denaturation temperature
=80.7°C). Although editing may occur on both strands, the sequences are given with respect to the plus or coding strands. Only differences are shown. All sequences were
unique, indicating that they corresponded to distinct molecular events. (D) Bulk dinucleotide context of MPXV Cop-B9R gene fragment by A3F cytidine deaminase and com-
pared with the expected values. The red bars represent the expected frequencies assuming that G->A transitions were independent of the dinucleotide context and cor-
respond to the weighted mean dinucleotide composition of the reference sequence (GenBank accession no. MT903344). The blue bars represent the percentage of G->A
transitions occurring within 5'GpN dinucleotides for the hypermutated sequences. bp, base pair; ep, empty plasmid vector and MPXV alone; M, molecular weight markers.

A B
«— edited ep, A3A, A3B, A3C ~L G _A AT C G A
O A3G,A3H T 3101 T 6|00
@ AF @ MPXVDNA C| 3 0| 4 Cl1 0|0
10 02 Glof|1 559 G 2 394
15 04 03,05,07, 11,12, 13
21 20 18 14, 16, 19, 23, 24, 28, Al211]s5 Al11 1|5
17 25 27 . 29,30
T T T T T T T T T 1 Patient 17@79.9°C Patient 21@79.9°C
7 78 79 80 81 82°C n=6696 bp n=5456 bp

%
100

80 B e
60 & e

40

20

GpA GpG GpC GpT

Figure 3. APOBEC3 editing of monkeypox virus (MPXV) in vivo. (A) Schematic representation of the denaturation temperature (Td) for the last positive differential DNA
denaturation polymerase chain reaction amplifications for 24 patients infected with MPXV (dark blue circles). The arrow indicates the threshold Td (80.7°C) at which the
samples are hypermutated. The samples in red were cloned and sequenced. The red, orange, and green circles represent, respectively, the last Td of the MPXV DNA mo-
lecular clone corresponding to the reference sequence, empty plasmid, ABA-A3C, A3G, A3H, and A3F. (B) Mutation matrices for hyperedited Cop-BIR sequences derived from
patients 17 and 21 at 79.9°C, n indicates the number of bases sequenced and corresponds to 27 and 22 G->A sequences x 248 base pairs (bp) for patients 17 and 21,
respectively. (C) Bulk dinucleotide context of MPXV Cop-B9R gene fragment for patients 17 and 21 and compared with the expected values.
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exhibited hypermutated
(Figure 3A, samples in red validated by sequencing).

samples  analyzed sequences

In light of these data, we decided to analyze patients 17 and
21 in detail, because they presented the most hyperedited virus-
es, as visualized by the last Td obtained and the mutation ma-
trices (Figure 3A and B). As observed in Figure 4A and
Supplementary Figure 2, at Td =79.9°C, G->A and C->T hy-
peredited genomes were found in patients 17 and 21, proving
that both DNA strands could be edited (Taq/79.9°C). The
mean editing frequency of G->A was similar between the 2 pa-
tients ~38% and ~32% (range, 14%-47% and 16%-58% for pa-
tient 17 and 21, respectively). By analyzing the editing
frequencies obtained with a Td = 95°C, we were able to deter-
mine that the in vivo frequency of hypermutants is ~1.75%
(I hypermutant detected among 58 sequences, patient 17),
proving that this phenomenon is not a rare event (Figure 4A,
Supplementary Figure 2).

The dinucleotide context associated with G->A hyperedited
genomes in vivo showed an overall preference for 5’ GpA (5’
TpC in the opposite DNA strand) (Figure 3C), which is

comparable to those detected in vitro (Figure 2D). By compar-
ing the mutational frequency of MPXV DNA from patients 17
and 21 at each of the 38-target G residues with those derived
from the A3F transfection, significant correlations with the
presence of mutational hotspots were observed between the
in vitro and in vivo edited sites (Figure 4B, Supplementary
Figure 2). This collection of evidence clearly indicates that
the main mutator enzyme of the MPXV genome in vivo is
A3F; however, it is not excluded that other A3s could be in-
volved in MPXV editing both in vitro and in vivo.

Upon A3-induced cytidine deamination, DNA bearing mul-
tiple dU residues may be corrected by the MPXV UNG (uracyl
N-glycosylase) pathway, or, if copied on the opposite strand,
the resulting dU:dA base pair might be proofread to dT:dA.
The function of this enzyme is to prevent mutagenesis by cleav-
ing uracil from DNA molecules by removing the N-glycosidic
bond and triggering the base excision repair pathway. To ex-
plore this issue, we performed the first round PCR using either
Qb5 or Taq polymerases on extracted DNA from patients 17 and
21 lesions. Like all archaeal DNA polymerases, Q5 is unable to
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amplify DNA templates bearing dU [47]: if only 1 of the many
existing dUs is uncorrected, the genome will not be amplified
by the Q5. To assess the efficacy of the MPXV UNG repair sys-
tem, 3D-PCR products obtained at Td =79.9°C and 81.4°C
with Taq and Q5 polymerases, respectively, were cloned and se-
quenced (Figure 4C, Supplementary Figure 2). As can be ob-
served, Q5 amplification recovered less edited DNA than Taq
polymerase, indicating that some dU:dA pairs can be repaired
to dT:dA. These observations indicate that substantial repair
does occur, demonstrating that upon selection, corrected
G->A mutations that escape drift loss are contributing to the
MPXYV evolution as observed in the current epidemics.

DISCUSSION

We have demonstrated that the MPXV viral mutations ob-
served during the successive outbreaks of 2017-2019 and
2022 are in part the consequence of A3F cytidine deaminase ac-
tivity. The library of hypermutated MPXV genomes identified
presented a range of editing from ~5% to 79% (Supplementary
Figure 2). These data show that there is a range of mutations
among the analyzed sequences, demonstrating a balance be-
tween A3-associated hypo- and hyperediting of the MPXV ge-
nome. Hyperediting frequency detected can be phenomenally
high, >107" per base, so much so that they result in defective
viruses. On the contrary, hypoediting rates are lower, perhaps
at the order of 10~ per base. Obviously, only limited deamina-
tion of viral genomes is likely to generate viruses presenting fit-
ness compatible with further transmission and thus have the
chance to be fixed in a successful viral lineage.

Several DNA viruses have been documented to exhibit
mechanisms that limit or counteract the effects of A3 enzymes,
such as coding for a viral interactor, preventing A3 incorpora-
tion into virions, replicating in cells with low or absent A3 ex-
pression, or replicating in preferred subcellular locations. The
efficacy of these mechanisms may differ in MPXV lineage B vi-
ruses compared to other lineages, but it is also conceivable that
ecological shifts, including sustained human-to-human trans-
mission in sufficient numbers, may have led to the detectable
occurrence of this process.

CONCLUSIONS

Further genomic surveillance will show whether fortuitous
founder events contributed to the genetic make-up of the ge-
nomes detected in the 2022 outbreak, and whether this
process will continue to play a role in the evolution of MPXV
in the ongoing outbreak. Indeed, this protective mechanism
may eventually contribute to evolutionary jumps or increased
evolutionary rates, that could be associated with viral immune
escape or resistance to treatment. Understanding the mecha-
nisms involved behind this editing process could lead to prom-
ising new antiviral approaches against MPXV.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding
author.
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