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Detection of Mpox Virus Using Microbial Cell-Free DNA:
The Potential of Pathogen-Agnostic Sequencing for Rapid
Identification of Emerging Pathogens
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Background. The 2022 global outbreak of Monkeypox virus (MPXV) highlighted challenges with polymerase chain reaction
detection as divergent strains emerged and atypical presentations limited the applicability of swab sampling. Recommended
testing in the United States requires a swab of lesions, which arise late in infection and may be unrecognized. We present
MPXYV detections using plasma microbial cell-free DNA (mcfDNA) sequencing.

Methods. Fifteen plasma samples from 12 case-patients were characterized through mcfDNA sequencing. Assay performance
was confirmed through in silico inclusivity and exclusivity assessments. MPXV isolates were genotyped using mcfDNA, and
phylodynamic information was imputed using publicly available sequences.

Results. MPXV mcfDNA was detected in 12 case-patients. Mpox was not suspected in 5, with 1 having documented
resolution of mpox >6 months previously. Six had moderate to severe mpox, supported by high MPXV mcfDNA
concentrations; 4 died. In 7 case-patients, mcfDNA sequencing detected coinfections. Genotyping by mcfDNA sequencing
identified 22 MPXV mutations at 10 genomic loci in 9 case-patients. Consistent with variation observed in the 2022 outbreak,
21 of 22 variants were G > A/C > T. Phylogenetic analyses imputed isolates to sublineages arising at different time points and
from different geographic locations.

Conclusions. 'We demonstrate the potential of plasma mcfDNA sequencing to detect, quantify, and, for acute infections with
high sequencing coverage, subtype MPXV using a single noninvasive test. Sequencing plasma mcfDNA may augment existing
mpox testing in vulnerable patient populations or in patients with atypical symptoms or unrecognized mpox. Strain type
information may supplement disease surveillance and facilitate tracking emerging pathogens.
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In 2022, mpox (formerly known as monkeypox), caused by the
zoonotic double-stranded DNA Monkeypox virus (MPXV)
from the Orthopoxvirus genus in the family Poxviridae, evaded
surveillance and established a global chain of human-to-human
transmission [1]. By the end of the year, >80 000 mpox cases
were attributed to the outbreak [2]. Past outbreaks originated
from zoonotic transmission in endemic areas in Central and
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West Africa and caused illness comprising a brief febrile pro-
dromal period followed by a rash that evolved over the course
of several weeks [3]. In contrast, the epidemiology and clinical
presentation of the 2022 outbreak have tended to be quite dif-
ferent. Most outbreak cases and clusters have been associated
with transmission through close, intimate contact, especially
through sexual activity and in nonendemic countries. This
has resulted in considerable variation in clinical course and
rash development [3, 4]. Further complicating efforts to recog-
nize and control ongoing MPXV transmission have been find-
ings that some infected persons may spread the virus during the
prodromal period before rash development [5-7].

The mpox diagnostic test recommended by the Centers for
Disease Control and Prevention (CDC) guidance is a
non-MPXV-specific pan-Orthopoxvirus real-time polymerase
chain reaction (PCR) test [8]. Positive samples are subsequently
processed directly by CDC with a confirmatory MPXV-specific
PCR test. However, PCR-based MPXV tests exhibit several
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limitations. First, such assays have only been approved by the US
Food and Drug Administration (FDA) for detection of MPXV
DNA from lesion swab samples [9, 10]. The FDA has further ad-
vised against using other sample types to prevent false results [11].
The guidance restricts testing to patients with suspected MPXV
lesions and may therefore miss those in the prodromal yet poten-
tially infectious phase, patients with atypical presentations (as
seen in the current outbreak), and patients with unrecognized le-
sions. In other countries, PCR testing samples from other nonle-
sion body sites or fluids in symptomatic individuals (eg, upper
respiratory, rectal, or seminal fluid) have been reported to have
reasonable sensitivity (69%-100%), and a small proportion of
samples (2%-6.5%) from presymptomatic individuals (eg, pha-
ryngeal, anorectal) have yielded MPXV [12]. However, the
World Health Organization recommends, similar to the CDC,
that the best diagnostic specimens are taken directly from the
mpox rash, and the recommended test is detection of viral
DNA by PCR [13]. Second, PCR-based assays have the potential
for false-negative results related to genomic divergence in out-
break strains at primer-targeted sites, observed during the 2022
outbreak caused by a deletion of the tumor necrosis factor recep-
tor gene [14]. The large genomic changes observed in MPXV
strains could impede primer site recognition [15], implying a
need for ongoing assay optimization [14]. Finally, PCR tests pro-
vide data only on the pathogens tested and do not detect concur-
Given the heightened risk
immunocompromised individuals during an mpox outbreak as

rent infections. among
well as increasing reports of clinically important coinfections (in-
cluding human immunodeficiency virus [HIV and sexually trans-
mitted infections 10, 16, 17]) in addition to well-recognized
HIV-related opportunistic infections, the potential for coinfection
is a substantial consideration.

Microbial cell-free DNA (mcfDNA) metagenomic sequenc-
ing from plasma has been used for pathogen-agnostic infectious
disease diagnostics [18] and has been demonstrated to detect di-
agnostically challenging clinical infections [19-21]. The
pathogen-agnostic nature of mcfDNA testing may support de-
tecting emerging infections. For example, it has been used to de-
tect Mycobacterium chimaera infections associated with
contamination of heater-cooler devices for cardiac surgery
[22] as well as pathogens of porcine origin in the first patient
with a genetically modified porcine-to-human cardiac xeno-
transplantation [23]. Detection and quantification of microbes
through mcfDNA sequencing relies on the presence of their
DNA sequences or markers within a database. Provided a data-
base augmented with the novel sequence, a method-based ana-
lytical validation can be used to characterize the robustness of
the assay to the emerging concern with no changes to the under-
lying chemistry [24]. We describe the detections and quantifica-
tion of MPXV in 12 patients via mcfDNA sequencing and
explore subtyping directly from mcfDNA, which may potential-
ly augment public health surveillance.

MATERIALS AND METHODS

Sample Material and Case-Patient Details

Peripheral blood samples for plasma mcfDNA sequencing or-
dered by clinicians from across the United States (US) as part
of their diagnostic management of patients were eligible for
this study. The subset of samples yielding a MPXV detection
was then included. Samples had been collected from July
2022 through April 2023. Each clinician for the respective pa-
tient was contacted and provided relevant demographic, clini-
cal, and orthogonal testing information for their patient. They
also completed for their respective patients an mpox severity
scoring system (MPOX-SSS) tool developed by a group of aca-
demic and CDC collaborators [25, 26]. This study was deter-
mined to be exempt from institutional review board (IRB)
oversight by the Advarra Institutional Review Board based on
Department of Health and Human regulation 45 Code of
Federal Regulations 46.104(d)(4).

Plasma mcfDNA Sequencing

Plasma mcfDNA sequencing was performed as previously de-
scribed [27] in the Karius, Inc, clinical laboratory (Redwood
City, California), certified under the Clinical Laboratory
Improvement Amendments of 1988 and accredited by the
College of American Pathologists. Sequencing data were ana-
lyzed using the validated Karius Test bioinformatic pipeline
version DC-3.13, which was designed to detect mcfDNA
from >1500 microbes [27], including MPXV, and reports the
absolute plasma concentration of mcfDNA in molecules per
microliter (MPM) for each microbe detected. In line with
FDA guidance for the development of MPXV diagnostic tests
[28], we further characterized the performance of mcfDNA se-
quencing in the context of MPXV, its diversity, and related
Orthopoxvirus

species  (see  Supplementary  Material,

Supplementary Tables 1 and 2).

Variant Calling

Isolates were genotyped directly from mcfDNA fragments at-
tributed to MPXV. The mcfDNA sequencing reads were
aligned to the human MPXV B.1 clade genome reference
(National Center for Biotechnology Information accession
number ON563414.1) using bowtie2 (-very-sensitive-local
mode) [29]. Duplicate reads were removed using Picard
MarkDuplicates [30]. Joint variant calling was performed on
the case-patient read alignments (BAM files) as input and using
beftools [31] mpileup (-q 20) piped to beftools call with the fol-
lowing arguments (-m-ploidy 1-q 30-p 0.0000000001).
Variants exhibiting potential heterozygosity in any sample, as
evidenced by non-zero phred-scaled likelihood scores for
both alleles, were discarded. In cases of extensively high cover-
age, mcfDNA sequencing additionally permits de novo genome
assembly and thus analysis of structural variation (see
Supplementary Material, Supplementary Figure 1).
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Phylogeny of Case-Patient MPXV Strains

The phylogenetic context for the MPXYV isolate from each case-
patient was analyzed within the wider context of the 2022 out-
break using the Nextstrain toolkit [32]. The genome sequence
for each isolate was derived from the MPXV B.1 clade reference
(accession number ON563414.1), modified by the MPXV
single-nucleotide polymorphisms genotyped for each case-
patient. Conversely, genomic regions with insufficient sequenc-
ing coverage for variant calling were retained as ambiguous nu-
cleotides. The reconstructed isolate genomes were used as
direct input to Nextstrain, alongside the reference MPXV data-
set provided by the Nextstrain team. The default h(MPXV (hu-
man MPXV) configuration was utilized for downstream
analysis, with the additional filtering rule to force inclusion of
all Karius-derived sequences (-include-where ‘abbr_authors
= Kariusdx’).

Statistical Analysis

The Pearson correlation coefficient (R) was used to assess the
relationship between log;o(MPM) and MPOX-SSS (R version
4.3.1) [33]. The a value was .05.

RESULTS

We present findings for 12 case-patients (Table 1), all of whom
were male. The mode of suspected transmission was sexual
(male having sex with males) for 7 and was unknown for the
others. For 7 case-patients, the respective clinicians either sus-
pected or had confirmed mpox infection before ordering
mcfDNA sequencing to determine what other pathogen(s)
might be contributing to the case-patient’s clinical condition.
However, for the remaining 5 case-patients, mpox was not sus-
pected or a current concern, and 3 of these case-patients (2, 5,
and 12) presented with findings not expected for mpox. Other
clinically relevant coinfections were detected in 7 case-patients.
Six case-patients had progressive or prolonged mpox, as sup-
ported by high MPXV mcfDNA concentration (median
MPM, 175366 [range, 192-1752 438]) and MPOX-SSS >15
of maximum possible score 23 (median MPOX-SSS, 19 [range
0-23) 25, 26]. There was a statistically significant positive cor-
relation between log(MPM) and MPOX-SSS (R =0.926,
P <.001) (Supplementary Figure 2).

Genome coverage from mcfDNA sequencing ranged from
0.1 times to 101 times and was uniform across the MPXV ge-
nome in all cases (Supplementary Figure 3A). The sequencing
coverage was sufficient to enable subtyping for most case-
patients (Supplementary Figure 3B, Table 2). Therefore, genetic
variation was assessed relative to the MPXYV lineage responsible
for the 2022 outbreak (hMPXV1 B.1 lineage [34]). We found
mutations at 10 loci in the MPXV genome among the 12 case-
patients studied (Table 2, Supplementary Table 3). Of the 22
variants we detected, 21 were G > A or C > T, consistent with

a major known source of MPXV variation in the current out-
break (apolipoprotein B mRNA editing catalytic polypeptide-
like 3 enzyme-mediated mutation) [35]. None of the detected
mutations were found to be within the PCR primer targets.

The genotype for each case-patient facilitated the phyloge-
netic placement of each isolate, relative to MPXV isolates
from the 2022 outbreak. MPXV from case-patients 6 and 10
form a small phylogenetic clade with several other genomes iso-
lated at similar times in the US and Colombia (sublineage
B1.11), consistent with transmission in the US in late May
2022 [34]. MPXV from case-patients 3, 4, 7, and 8 derived
from the B.1.2 sublineage, defined by the G- > A transition at
locus 186165. All viruses additionally fall within a common
subclade of B.1.2 defined by C- > T transition at site 188391,
common of US B.1.2 isolates (Figure 1B). In addition to the 2
alleles described, MPXV from case-patients 3, 4, 7, and 8
were determined to have 1, 2, 2, and 0 unique mutations, re-
spectively (see Table 2 for specific loci), not found in other pub-
lic MPXYV strains and consistent with the continued evolution
of the B.1.2 sublineage. Conversely, case-patients 6 and 10 de-
rived from the B.1.11 sublineage, a minor subvariant predom-
inately geographically isolated to North America, in particular
the US, and Colombia (Figure 1C).

DISCUSSION

Plasma mcfDNA sequencing holds the promise to both facili-
tate clinical management and enhance situational awareness
for public health agencies and scientists tracking emerging
pathogens. Effective outbreak control strategies require exten-
sive and immediate testing availability [36, 37]. The validated
assay utilized in this study [27] can readily quantify mcfDNA
in a pathogen-agnostic manner from a blood sample. Initial ob-
servations, although conducted on a limited cohort, suggest a
possible correlation between pathogen abundance and the se-
verity of illness. Conversely, PCR-based diagnostics require
considerable lead time to reach the requisite capacity needed
to reliably test a population; in the best case, as in mpox, the as-
say exists but must be further optimized and scaled. The ability
to detect MPXV directly from blood positions mcfDNA se-
quencing as a quantitative alternative to PCR testing. Finally
and perhaps most critical to public health needs, mcfDNA se-
quencing has the possibility of detecting MPXV in atypical pre-
sentations in which lesions may be absent, resolving, or unclear
in etiology as demonstrated in our small cohort (case-patients
2,5, and 12).

With the entire genome of an organism serving as a target,
we demonstrated that pathogen-agnostic mcfDNA sequencing
may offer intrinsic robustness toward emerging DNA patho-
gens and their subtypes. Through a detailed in silico study
(see Supplementary Material), we showed that the existing
Karius genomic reference database is sufficient to detect and
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Table 2.

Summary of the Detected Monkeypox virus Variants

Allele® Case-Patient Genotype®
Locus Ref Alt 1 b 2 3 4 5 6 7 7b 8 10 10b 11 12
20173 A G / . / G . .
45798 G A / A / . . / /
63125 A T / / . T T
130095 C T / T
149410 G A / A . . .
149823 c T / T / /
165757 C T T / . . T
167669 C T / . . / T T . . . .
186144 G A / A A / A A / / A /
188370 C T / T T / T T T / T /

Genomic coordinates are shown relative to the human MPXV1 B.1 reference strain (clade B1; ON563414.1). Genomic coordinates relative to the reference strain used by Nextstrain (clade Ilb;
NC_063383.1) are shown in Supplementary Table 3.

Abbreviation: MPXV, Monkeypox virus.

“The B.1 reference nucleotide and alternate nucleotide for each locus are shown.

5L oci that match the reference genome are indicated with a dot. Loci that could not be genotyped are indicated with “/”.
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Figure 1. Phylogenetic tree of Monkeypox virus (MPXV) outbreak, including case-patient derived isolates. Phylogenetic tree of the outbreak human MPXV lineage B.1.

MPXV detections by micrabial cell-free DNA in the respective case-patients are shown within their phylogenetic context (A). The tree was constructed and visualized using
the Nextstrain toolkit [32]. The MPXV detected in case-patients 1, 2, 5, 9, 11, and 12, respectively, were observed to descend directly from the ancestral B.1 strain. For
case-patients 2, 5, and 12, this is likely related to insufficient coverage for exhaustive genotyping. The MPXV from case-patients 3, 4, 7, and 8, respectively, were genotyped
to be derived from lineage B.1.2 (B). Two main clades within the sublineage are observed. All 4 isolates were imputed to originate from the predominantly North American
subclade. The MPXV detected in case-patients 6 and 10, respectively, were found to be from sublineage B.1.11, which likely arose in late May 2022 and has been detected
only within the United States (USA) and Colombia (C).
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quantify novel MPXV strains, including the outbreak strain, in
an already validated assay. Additionally, the database can be
easily updated without modifying underlying chemistry to ex-
tend the assay to cover additional variants and better represent

the underlying biological diversity. For instance, expansion of a
genomic reference database to include additional strains of the
cowpox virus clades may further reduce the risk of cross-
reactivity with MPXV.
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Figure 1.

In addition to mcfDNA detections contributing to individual
diagnoses, we demonstrated the ability to accurately determine
the phylogenetic lineage from which the given analyte derives
in cases of sufficient coverage. When such assays are combined
with spatiotemporal tracking at scale, findings across multiple
sites and geographies can be leveraged to provide rapid

phylodynamic analysis from the onset of a public health emergen-
cy or disease outbreak, similar to state-of-the-art techniques [32].
Furthermore, subtyping directly from mcfDNA sequencing sam-
ples, in combination with patient response to treatment, may be
used to support efforts required to computationally associate mu-
tations to viral phenotypes [38], such as antiviral resistance [39].
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Mpox detection in certain case-patients highlighted various
scenarios of clinical importance and further consideration. In
case-patient 1, a follow-up sample collected >4 weeks after the
first exhibited a >2-fold increase in MPM, which is consistent
with the case-patient’s severe progressive mpox disease despite
3 courses of tecovirimat, the last given intravenously. This scenar-
io suggests the potential application for individual clinical moni-
toring and therapy as has been suggested for other types of
infections [40, 41]. Case-patient 3 was in critical condition and
died shortly after the sample collection for mcfDNA sequencing.
The high content of human DNA in this sample precluded accu-
rate quantification, likely reflecting the patient’s critical condition
[42]. Case-patient 2 presented with signs and symptoms consis-
tent with acute myocarditis without any lesions or other manifes-
tations typical for mpox. Whether this case-patient had previously
resolved lesions is uncertain. However, acute myocarditis approx-
imately 1 week after onset of mpox symptoms has been reported
recently in another patient [43]. Case-patient 5, who had evidence
of resolving lesions and a history of unconfirmed illness preceded
by reported exposure to a person with mpox, also presented with
findings other than expected for mpox. This case-patient had a
left-sided neck mass assessed as probable lymphadenitis, likely
secondary to Streptococcus pneumoniae, which was identified
both by mcfDNA sequencing and cultivation of the needle aspi-
ration fluid. Whether the mpox detected in these 2 case-patients
represented active or declining virus activity, they both highlight
concerns regarding possible serious complications of mpox infec-
tion as well as the need for clinicians to maintain a high suspicion
for mpox, especially with the current persistent low-level circula-
tion of MPXYV globally. Case-patient 11’s scenario suggests mpox
reinfection potential despite past history of confirmed and clini-
cally resolved mpox disease, as has been reported by others [44,
45] versus MPXV persistence, especially in people with AIDS.
Finally, the case-patients with AIDS and polymicrobial detections
(1,3,6,7, 10, 12) serve as reminders of the high likelihood of clin-
ically complicating opportunistic coinfections in these patients.

This study had several limitations. First, our study relied on a
convenience sample, which introduces bias, potentially misses
patients positive for MPXV by PCR but negative by mcfDNA
sequencing (ie, false negatives), and limits the generalizability
of our findings. A controlled, prospective study could address
this limitation. However, notably, mcfDNA sequencing detec-
tions were correlated with clinical and orthogonal data for each
case-patient, including 1 patient who was demonstrated to be
positive by PCR subsequent to mcfDNA detection, thereby
strengthening our findings. Second, while MPXV-derived
mcfDNA was detected in both suspected and nonsuspected in-
fected individuals in this study, the underlying temporal rela-
tionship between the status of MPXV infection and the
presence of plasma mcfDNA is unclear and under active re-
search. Similarly, the viral kinetics of MPXYV in different sample
types in general is still being investigated with MPXV DNA

level in blood at any given time point observed by PCR to be
low [46]. Prospective serial monitoring of MPXV in multiple
patients could help elucidate these dynamics. Third, genotyp-
ing of the MPXV from mcfDNA was constrained to samples
with an adequate concentration of the corresponding
mcfDNA. Future studies are needed to precisely determine
the frequency and requisite conditions for successful genotyp-
ing of outbreak strains from mcfDNA. In fact, the relatively
high amounts of DNA detected in study samples would seem
to be characteristic to at least the mpox detections in our co-
hort, especially patients with moderate to severe disease, com-
pared with mcfDNA sequencing detections of other microbes
in general. Whether this characteristic is unique to the current
mpox infections or to patients with severe mpox disease or
whether it reflects mpox viremia or copious viral shedding
from other infected sites, or both, remains to be elucidated.
Finally, an extensive investigation of each case-patient’s epide-
miological history and exposures was not undertaken and may
have been informative in conjunction with the presented phy-
logenetic analyses.

In conclusion, we present the first detections of MPXV using
plasma mcfDNA sequencing. The study demonstrates the po-
tential of mcfDNA sequencing to detect, quantify, and subtype
infecting pathogens using a single noninvasive test. Microbial
cell-free DNA sequencing may offer key advantages to support
the currently recommended PCR assay for mpox diagnosis and
clinical monitoring, including potentially for genetic markers
of emerging antiviral resistance, as well as concurrent detection
of opportunistic infections in critically ill immunocompro-
mised patients. During this period of persistent, low-level glob-
al MPXV circulation, mcfDNA sequencing may further
support identifying those presenting with atypical, unsuspected
mpox disease. The potential information from MPXV detec-
tions and subtyping may contribute to understanding and
monitoring the evolving mpox epidemiology.

Supplementary Data

Supplementary materials are available at The Journal of

Infectious Diseases online (http://jid.oxfordjournals.org/).
Supplementary materials consist of data provided by the author
that are published to benefit the reader. The posted materials
are not copyedited. The contents of all supplementary data
are the sole responsibility of the authors. Questions or messages

regarding errors should be addressed to the author.

Notes

Author contributions. Study concept and design: S. Y. P,,
M. S. L, K. B, N. N, S. B. Acquisition of data: S. Y. P,
M.S.L,N.N,K.B,R.O,L. J.N,R S, R T,]J.C.S,P. R,
A. K, A R,S. S, M. J. D, I. S. B. Analysis of the data:
S. Y. P, M. S. L, N. N, K. B, R. O. Visualization: K. B,
N. N. Interpretation of the data: S. Y. P, M. S. L, N. N,

Mpox Detection and Typing From mcfDNA « JID 2024:229 (Suppl 2) « S153


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiad452#supplementary-data
http://jid.oxfordjournals.org/

K. B., S. B. Drafting of the manuscript: M. S. L., K. B, N. N,,
S. Y. P, S. B. Review and revision of the manuscript: All
authors.

Acknowledgments. The authors thank Alec Ford for his
thoughtful comments and inspiring the communication of
these results, and Karius, Inc, for supporting the investigation.
We also thank Asim A. Ahmed, MD, formerly with Karius, Inc,
for his early contributions related to the work. We appreciate
the advice of Dr Jason Zucker, Columbia University, regarding
application of the mpox severity scoring system and thank
Caitlin Ryan, PhD, Karius, Inc, for providing statistical analysis
support. Finally, we acknowledge the patients and their families
and the contribution of their data toward hopefully benefitting
many others.

Financial support. This work was supported by Karius, Inc,
via paid employment of M. S. L., K. B, N.N,, S. B, S. Y. P,,
R. O, G. B, T. A. B, and F. S. N. Funding to pay the Open
Access publication charges for this article was provided by
Karius, Inc.

Supplement sponsorship. This article appears as part of the
supplement “Mpox: Challenges and Opportunities Following
the Global 2022 Outbreak,” sponsored by the Centers for
Disease Control and Prevention (Atlanta, GA).

Potential conflicts of interest. S. Y. P, M. S. L., K. B, N. N,,
G. B, T. A. B, F. S. N, B. A. P, and S. B. are employees of
Karius, Inc. R. O. was an employee of Karius, Inc, at the time
the project was conceived and executed. All other authors re-
port no potential conflicts.

All authors have submitted the ICMJE Form for Disclosure
of Potential Conflicts of Interest. Conflicts that the editors con-
sider relevant to the content of the manuscript have been
disclosed.

References

1. Alakunle EF, Okeke MI. Monkeypox virus: a neglected
zoonotic pathogen spreads globally. Nat Rev Microbiol
2022; 20:507-8.

2. World Health Organization. Multi-country outbreak of
mpox, External situation report #11—1 December 2022.
https://www.who.int/publications/m/item/multi-country-out
break-of-mpox-external-situation-report-11—1-december-
2022. Accessed 12 December 2022.

3. Titanji BK, Tegomoh B, Nematollahi S, Konomos M,
Kulkarni PA. Monkeypox: a contemporary review for health-
care professionals. Open Forum Infect Dis 2022; 9:0fac310.

4. Thornhill JP, Barkati S, Walmsley S, et al. Monkeypox virus
infection in humans across 16 countries—April-June 2022.
N Engl ] Med 2022; 387:679-91.

5. Centers for Disease Control and Prevention. Signs and
Symptoms [Internet]. https://www.cdc.gov/poxvirus/mpox/
symptoms/index.html. Accessed 19 October 2023.

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Ward T, Christie R, Paton RS, Cumming F, Overton CE.

Transmission dynamics of monkeypox in the United
Kingdom: contact tracing study. BMJ 2022; 379:e073153.

. Madewell Z], Charniga K, Masters NB, et al. Serial interval

and incubation period estimates of monkeypox virus infec-
tion in 12 jurisdictions, United States, May-August 2022.
Emerg Infect Dis 2023; 29:818-21.

. Centers for Disease Control and Prevention. Guidelines for

collecting and handling specimens for mpox testing. 2023 .
https://www.cdc.gov/poxvirus/monkeypox/clinicians/prep-
collection-specimens.html. Accessed 14 June 2023.

. US Food and Drug Administration. Monkeypox (mpox) and

medical devices. 2023. https://www.fda.gov/medical-devices/
emergency-situations-medical-devices/monkeypox-mpox-
and-medical-devices. Accessed 6 July 2023.

Zucker J. CROI 2023: epidemiology, diagnosis, and man-
agement of mpox. Top Antivir Med 2023; 31:510-9.

US Food and Drug Administration. For monkeypox testing,
use lesion swab samples to avoid false results: FDA safety com-
munication. 2022. https://www.fda.gov/medical-devices/safe
ty-communications/monkeypox-testing-use-lesion-swab-sam
ples-avoid-false-results-fda-safety-communication. Accessed
14 June 2023.

Lim CK, Roberts J, Moso M, et al. Mpox diagnostics:
Review of current and emerging technologies. ] Med
Virol 2023; 95:€28429.

Peterson H, Adler BL, Ochoa MT. Mpox (monkeypox)
clinical pearls. Cutis 2023; 111:170-1.

Centers for Disease Control and Prevention. Lab alert:
MPXV TNF receptor gene deletion may lead to false nega-
tive results with some MPXYV specific LDTs. 2022. https:/
www.cdc.gov/locs/2022/09-02-2022-lab-alert-MPXV_TNF
_Receptor_Gene_Deletion_May_Lead_False_Negative_Re
sults_Some_MPXV_Specific LDTs.html. Accessed 15 June
2023.

Gigante CM, Plumb M, Ruprecht A, et al. Genomic dele-
tions and rearrangements in monkeypox virus from the
2022 outbreak, USA. bioRxiv [Preprint]. Posted online 17
September  2022.  https:/www.biorxiv.org/content/10.
1101/2022.09.16.508251. Accessed 13 June 2023.
Ortiz-Saavedra B, Montes-Madariaga ES, Cabanillas-
Ramirez C, et al. Epidemiologic situation of HIV and mon-
keypox coinfection: a systematic review. Vaccines (Basel)
2023; 11:246.

Curran KG, Eberly K, Russell OO, et al. HIV and sexually
transmitted infections among persons with monkeypox—
eight U.S. jurisdictions, May 17-July 22, 2022. MMWR
Morb Mortal Wkly Rep 2022; 71:1141-7.

Park SY, Chang EJ, Ledeboer N, et al. Plasma microbial
cell-free DNA sequencing from over 15,000 patients iden-
tified a broad spectrum of pathogens. J Clin Microbiol
2023; 9:e0185522.

S154 « JID 2024:229 (Suppl 2) « Park et al


https://www.who.int/publications/m/item/multi-country-outbreak-of-mpox--external-situation-report--11---1-december-2022
https://www.who.int/publications/m/item/multi-country-outbreak-of-mpox--external-situation-report--11---1-december-2022
https://www.who.int/publications/m/item/multi-country-outbreak-of-mpox--external-situation-report--11---1-december-2022
https://www.cdc.gov/poxvirus/mpox/symptoms/index.html
https://www.cdc.gov/poxvirus/mpox/symptoms/index.html
https://www.cdc.gov/poxvirus/monkeypox/clinicians/prep-collection-specimens.html
https://www.cdc.gov/poxvirus/monkeypox/clinicians/prep-collection-specimens.html
https://www.fda.gov/medical-devices/emergency-situations-medical-devices/monkeypox-mpox-and-medical-devices
https://www.fda.gov/medical-devices/emergency-situations-medical-devices/monkeypox-mpox-and-medical-devices
https://www.fda.gov/medical-devices/emergency-situations-medical-devices/monkeypox-mpox-and-medical-devices
https://www.fda.gov/medical-devices/safety-communications/monkeypox-testing-use-lesion-swab-samples-avoid-false-results-fda-safety-communication
https://www.fda.gov/medical-devices/safety-communications/monkeypox-testing-use-lesion-swab-samples-avoid-false-results-fda-safety-communication
https://www.fda.gov/medical-devices/safety-communications/monkeypox-testing-use-lesion-swab-samples-avoid-false-results-fda-safety-communication
https://www.cdc.gov/locs/2022/09-02-2022-lab-alert-MPXV_TNF_Receptor_Gene_Deletion_May_Lead_False_Negative_Results_Some_MPXV_Specific_LDTs.html
https://www.cdc.gov/locs/2022/09-02-2022-lab-alert-MPXV_TNF_Receptor_Gene_Deletion_May_Lead_False_Negative_Results_Some_MPXV_Specific_LDTs.html
https://www.cdc.gov/locs/2022/09-02-2022-lab-alert-MPXV_TNF_Receptor_Gene_Deletion_May_Lead_False_Negative_Results_Some_MPXV_Specific_LDTs.html
https://www.cdc.gov/locs/2022/09-02-2022-lab-alert-MPXV_TNF_Receptor_Gene_Deletion_May_Lead_False_Negative_Results_Some_MPXV_Specific_LDTs.html
https://www.biorxiv.org/content/10.1101/2022.09.16.508251
https://www.biorxiv.org/content/10.1101/2022.09.16.508251

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Foong KS, Mabayoje M, AlMajali A. Clinical impact of
noninvasive plasma microbial cell-free deoxyribonucleic
acid sequencing for the diagnosis and management of
Pneumocystis jirovecii pneumonia: a single-center retro-
spective study. Open Forum Infect Dis 2022; 9:0fac652.
Zou RH, Nguyen VDB, Zigrossi PA, et al. Non-invasive di-
agnosis of pulmonary Kaposi sarcoma: a case report. J
Infect Dis Epidemiol 2020; 6:161.

Roy M, Siddique N, Bathina B, Ahmad S. Rare presentation of
toxoplasma pneumonitis in the absence of neurological symp-
toms in an AIDS patient and use of next-generation sequenc-
ing for diagnosis. Eur ] Case Rep Intern Med 2020; 7:001862.
Tan NY, Tarabochia AD, DeSimone DC, et al. Updated ex-
perience of Mycobacterium chimaera infection: diagnosis
and management in a tertiary care center. Open Forum
Infect Dis 2021; 8:0fab348.

Griffith BP, Goerlich CE, Singh AK, et al. Genetically mod-
ified porcine-to-human cardiac xenotransplantation. N
Engl ] Med 2022; 387:35-44.

US Food and Drug Administration. Infectious disease next
generation sequencing based diagnostic devices: microbial
identification and detection of antimicrobial resistance and
virulence markers; draft guidance for industry and Food
and Drug Administration staff; availability. Fed Regist
2016:29869-70. https://www.federalregister.gov/documents/
2016/05/13/2016-11237/infectious-disease-next-generation-
sequencing-based-diagnostic-devices-microbial-identifi
cation-and. Accessed 19 October 2023

He J. Development and pilot of an mpox severity scoring sys-
tem (mpox-SSS). In: Conference on Retroviruses and
Opportunistic Infections. 2023. https:/www.croiconference.
org/abstract/development-and-pilot-of-an-mpox-severity-
scoring-system-mpox-sss/. Accessed 9 July 2023.

Zucker J. Monkeypox severity score development and valida-
tion. MPOX Severity Score System (MPOX-SSS). https:/
mpoxseverityscore.com/mpx_dev_val/. Accessed 14 July 2023.
Blauwkamp TA, Thair S, Rosen M]J, et al. Analytical and
clinical validation of a microbial cell-free DNA sequencing
test for infectious disease. Nat Microbiol 2019; 4:663-74.
US Food and Drug Administration. Monkeypox (mpox)
Emergency Use Authorizations for Medical Devices.
https://www.fda.gov/medical-devices/emergency-use-autho
rizations-medical-devices/monkeypox-mpox-emergency-
use-authorizations-medical-devices. Accessed 19 October
2023.

Langmead B, Salzberg SL. Fast gapped-read alignment with
Bowtie 2. Nat Methods 2012; 9:357-9.

Broad Institute. Picard tools. http://broadinstitute.github.
io/picard/. Accessed 21 June 2023.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Danecek P, Bonfield JK, Liddle ], et al. Twelve years of
SAMtools and BCFtools. Gigascience 2021; 10:giab008.
Hadfield J, Megill C, Bell SM, et al. Nextstrain: real-time track-
ing of pathogen evolution. Bioinformatics 2018; 34:4121-3.
Ripley BD. The R project in statistical computing. MSOR
Connect. Educational Development Unit, University of
Greenwich. 2001. https:/www.R-project.org/. Accessed
27 September 2023.

Aksamentov I, Roemer C, Hodcroft E, Neher R. Nextclade:
clade assignment, mutation calling and quality control for
viral genomes. ] Open Source Softw 2021; 6:3773.

Isidro J, Borges V, Pinto M, et al. Phylogenomic characteriza-
tion and signs of microevolution in the 2022 multi-country
outbreak of monkeypox virus. Nat Med 2022; 28:1569-72.
Wu W-K, Liou J-M, Hsu C-C, Lin Y-H, Wu M-S. Pandemic
preparedness in Taiwan. Nat Biotechnol 2020; 38:932-3.
Dighe A, Cattarino L, Cuomo-Dannenburg G, et al
Response to COVID-19 in South Korea and implications
for lifting stringent interventions. BMC Med 2020; 18:321.
Neher RA, Bedford T, Daniels RS, Russell CA, Shraiman
BI. Prediction, dynamics, and visualization of antigenic
phenotypes of seasonal influenza viruses. Proc Natl Acad
Sci U S A 2016; 113:E1701-9.

Rabaan AA, Abas AH, Tallei TE, et al. Monkeypox outbreak
2022: what we know so far and its potential drug targets and
management strategies. ] Med Virol 2023; 95:¢28306.
Eichenberger EM, Degner N, Scott ER, et al. Microbial
cell-free DNA identifies the causative pathogen in infective
endocarditis and remains detectable longer than convention-
al blood culture in patients with prior antibiotic therapy.
Clin Infect Dis 2023; 76:€1492-500.

Heldman MR, Ahmed AA, Liu W, et al. Serial quantitation
of plasma microbial cell-free DNA before and after diag-
nosis of pulmonary invasive mold infections after hema-
topoietic cell transplant recipients. ] Infect Dis 2024; 229:
576-87.

Kitsios GD, Bain W, Al-Yousif N, et al. Plasma microbial
cell-free DNA load is associated with mortality in patients
with COVID-19. Respir Res 2021; 22:24.

Pinho AL, Braga M, Vasconcelos M, et al. Acute myocardi-
tis: a new manifestation of monkeypox infection? JACC
Case Rep 2022; 4:1424-8.

Golden ], Harryman L, Crofts M, et al. Case of apparent
mpox reinfection. Sex Transm Infect 2023; 99:283-4.
Musumeci S, Najjar I, Amari EBE, et al. A case of mpox re-
infection. Clin Infect Dis 2023; 77:135-7.

Kim H, Kwon R, Lee H, et al. Viral load dynamics and
shedding kinetics of mpox infection: a systematic review
and meta-analysis. ] Travel Med 2023; 30:taad111.

Mpox Detection and Typing From mcfDNA « JID 2024:229 (Suppl 2) « S155


https://www.federalregister.gov/documents/2016/05/13/2016-11237/infectious-disease-next-generation-sequencing-based-diagnostic-devices-microbial-identification-and
https://www.federalregister.gov/documents/2016/05/13/2016-11237/infectious-disease-next-generation-sequencing-based-diagnostic-devices-microbial-identification-and
https://www.federalregister.gov/documents/2016/05/13/2016-11237/infectious-disease-next-generation-sequencing-based-diagnostic-devices-microbial-identification-and
https://www.federalregister.gov/documents/2016/05/13/2016-11237/infectious-disease-next-generation-sequencing-based-diagnostic-devices-microbial-identification-and
https://www.croiconference.org/abstract/development-and-pilot-of-an-mpox-severity-scoring-system-mpox-sss/
https://www.croiconference.org/abstract/development-and-pilot-of-an-mpox-severity-scoring-system-mpox-sss/
https://www.croiconference.org/abstract/development-and-pilot-of-an-mpox-severity-scoring-system-mpox-sss/
https://mpoxseverityscore.com/mpx_dev_val/
https://mpoxseverityscore.com/mpx_dev_val/
https://www.fda.gov/medical-devices/emergency-use-authorizations-medical-devices/monkeypox-mpox-emergency-use-authorizations-medical-devices#templates
https://www.fda.gov/medical-devices/emergency-use-authorizations-medical-devices/monkeypox-mpox-emergency-use-authorizations-medical-devices#templates
https://www.fda.gov/medical-devices/emergency-use-authorizations-medical-devices/monkeypox-mpox-emergency-use-authorizations-medical-devices#templates
http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
https://www.R-project.org/

	Detection of Mpox Virus Using Microbial Cell-Free DNA: The Potential of Pathogen-Agnostic Sequencing for Rapid Identification of Emerging Pathogens
	MATERIALS AND METHODS
	Sample Material and Case-Patient Details
	Plasma mcfDNA Sequencing
	Variant Calling
	Phylogeny of Case-Patient MPXV Strains
	Statistical Analysis

	RESULTS
	DISCUSSION
	Supplementary Data
	Notes
	References




