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Monkeypox has recently been described as a public health emergency of international concern by the
World Health Organization and a public health emergency by the United States. If the outbreak continues
to grow, rapid scalability of laboratory testing will be imperative. During the early days of the coronavirus
disease 2019 (COVID-19) pandemic, laboratories improved the scalability of testing by using a direct-to-
PCR approach. To improve the scalability of monkeypox testing, a direct real-time PCR protocol for the
detection of monkeypox virus was validated. The assay retains the sensitivity and accuracy of the indirect
assay while eliminating the need for nucleic acid extraction kits, reducing laboratory technologist time
per sample and decreasing exposure to an infectious agent. The direct method will make it easier for
laboratories across the world to rapidly develop, validate, and scale testing for monkeypox virus.
(J Mol Diagn 2022, 24: 1155e1159; https://doi.org/10.1016/j.jmoldx.2022.09.001)
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Monkeypox virus, an encapsulated double-stranded DNA
virus and member of the Poxviridae family, is responsible
for the recent monkeypox outbreak that has been declared a
public health emergency of international concern by the
World Health Organization and a public health emergency
by the United States. Prompt identification of infected in-
dividuals followed by contact tracing is important for
stemming the spread of disease. The characteristic rash of
monkeypox progresses through multiple stages, beginning
with a macular phase, progressing through papular, vesic-
ular, and pustular phases, and ending with a scab phase. Its
appearance can be similar to rashes associated with other
infections, including varicella zoster, herpes, and syphilis;
thus, testing of the lesion is important for accurate diag-
nosis.1 The CDC monkeypox diagnostic assay is in use in
many laboratories across the United States. It is a real-time
PCR-based assay utilizing a nucleic acid extraction step
before amplification.2 Other reported monkeypox diagnostic
assays also utilize a nucleic acid extraction step.3

If the monkeypox outbreak continues to worsen, testing
will need to be rapidly scaled to meet demand. As we have
learned from the coronavirus disease 2019 (COVID-19)
pandemic, supply chain shortages, costs, and time constraints
can significantly impair the ability of laboratories to quickly
scale testing. During the early days of the COVID-19
Pathology and American Society for Investiga
pandemic, some laboratories were able to mitigate these
challenges by omitting the nucleic acid extraction step of the
CDC assay for detection of RNA virus severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) and replacing
it with an alternative method using proteinase K and heat.4e6

The aim of this study is to show that a DNA virus, such as
monkeypox, can also be identified by this approach. Herein, a
nucleic acid extraction-free approach (direct method) for the
detection of monkeypox is compared with the nucleic acid
extraction method of the CDC monkeypox assay to show
retention of the direct assay’s diagnostic ability, thereby
making it easier for laboratories to rapidly scale monkeypox
virus testing.
Materials and Methods

Clinical Validation of a Direct Monkeypox PCR Assay

A modified multiplex version of the CDC monkeypox assay
was performed for clinical validation purposes. Probe and
primers targeting monkeypox have previously been
tive Pathology. Published by Elsevier Inc. All rights reserved.

mailto:l-jennings@northwestern.edu
mailto:l-jennings@northwestern.edu
https://doi.org/10.1016/j.jmoldx.2022.09.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmoldx.2022.09.001&domain=pdf
https://doi.org/10.1016/j.jmoldx.2022.09.001
http://jmdjournal.org
https://doi.org/10.1016/j.jmoldx.2022.09.001


Chelsky et al
described.2 The RP1 gene that is present in normal human
skin epithelium was used as an internal control in all sam-
ples. In the nucleic acid extraction-free PCR method, 5 mL
of proteinase K (Qiagen, Hilden, Germany) was added to a
50-mL aliquot of sample taken from 3 mL of M4 viral
transport medium (VTM). The sample was then heated for
10 minutes at 65�C, followed by 5 minutes at 95�C. This
was followed by real-time PCR on the Quant Studio 6 in-
strument (Thermo Fisher Scientific, Waltham, MA).
Cycling conditions included a 20-second activation step at
95�C, followed by 40 cycles of 3 seconds at 95�C and 30
seconds at 60�C.

A standard curve for copy number quantitation was
generated by diluting plasmid control DNA to seven con-
centrations between 1 and 1,000,000 copies per mL and
determining the crossing threshold cycle (CT) associated
with each concentration. This was done in triplicate, and the
mean CT values were plotted against plasmid concentration
to generate a standard curve. The equation of the standard
curve and the R2 value were determined by Excel version
2108 (Microsoft, Redmond, WA). The estimated number of
detected copies of monkeypox virus was extrapolated from
the equation for the standard curve. The limit of detection
was validated by replicate determinations of CT values
(n Z 20) of varying concentrations in negative VTM.

Analytical specificity was determined by spiking VTM
with varying control materials and determining if signal was
detected within the limit of detection. The infectious disease
control materials used included Zika virus, Epstein-Barr
virus, herpes simplex virus 1, herpes simplex virus 2,
influenza A virus H3N2, influenza A virus H1N1, influenza
B, respiratory syncytial virus A, parainfluenza virus 1,
parainfluenza virus 2, parainfluenza virus 3, adenovirus 3,
metapneumovirus, rhinovirus, coronavirus OCA3, corona-
virus 228E, coronavirus NL63, coronavirus HKL1-1, Bor-
detella pertussis, Chlamydia pneumoniae, Mycoplasma
pneumoniae, Candida albicans, Neisseria meningitis, and
SARS-CoV-2.

A carryover study was performed by alternating 10
samples containing a high positive monkeypox control
with 10 blank control samples in a 96-well plate. A second
96-well plate was also used, which contained 10 samples
of a human control gene alternating with 10 blank control
samples.

Prospective Correlation of Direct versus Indirect PCR
Methods

Clinical specimens were collected from patients at loca-
tions within the Northwestern Medicine (Chicago, IL)
health system. Lesions were swabbed with sterile synthetic
swabs, and the swabs were submitted to the laboratory dry
or in 3 mL of viral transport media (M4 VTM). Dry swabs
received by the laboratory were immediately added to 3
mL of M4 VTM. At the start of the monkeypox outbreak, a
total of 20 samples identified as positive by the direct assay
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and 20 samples identified as negative by the direct assay
were sequentially chosen for confirmation by indirect
method. DNA extraction for the indirect method was per-
formed using the Qiagen manual DNA extraction kit uti-
lizing spin-columnebased nucleic acid purification
following manufacturer’s instructions (Qiagen). The CT

values between the direct and indirect methods were
compared by linear regression analysis, Deming regression
analysis, and Bland-Altman analysis.

Results

Clinical Validation of a Direct Monkeypox PCR Assay

A standard curve was generated by diluting plasmid mon-
keypox control DNA to concentrations ranging from 1 to
1,000,000 copies/mL and determining the corresponding CT

value. The assay displayed excellent linearity
(R2 Z 0.9994) (Figure 1). The limit of detection was
determined by replicate determinations of CT values
(n Z 20) of 5, 50, and 1000 copies/mL samples. The mean
CT values of 5 copies/mL were determined to be 36 on both
the direct and indirect assay, with an SD of 0.75 (range,
34.61 to 37.39). Samples run with 50 copies/mL showed a
mean CT of 35 and an SD of 0.62 (range, 33.93 to 36.55).
Signal was detected in 4 of 19 negative samples (range,
36.99 to 37.38); thus, to avoid signal associated with
background (false positives), the limit of detection for the
clinical qualitative assay was set at two SDs from the mean
CT value for 50 copies/mL (36.24).
The analytical specificity was determined by running the

assay with control materials for 23 different viruses, bac-
teria, and fungi. No signal within the limit of detection was
detected by the assay in any of the control materials
(Table 1). Positive and negative samples were also spiked
with varying concentrations of blood (5% to 20%). Blood
did have an inhibitory effect on the assay, with increasing
concentration of blood leading to greater inhibition. Sam-
ples with 20% blood had complete inhibition.
A carryover study was performed by alternating 10

samples containing a high positive monkeypox control
with 10 blank control samples in a 96-well plate. Virus was
not detected in any of the blank control wells. A second
carryover study was performed by alternating 10 samples
containing RP1 control gene with 10 blank control samples
in a 96-well plate. No signal was detected within our limit
of detection in the wells containing a blank control
(Table 2).
Three positive patient samples were tested in duplicate at

dilution factors of 1, 10, and 100 by both direct and indirect
protocols. Table 3 lists the mean CT value of each sample
under direct and indirect conditions obtained from the di-
lutions. The number of viral copies detected by the direct
method was extrapolated from the corresponding indirect CT

value and the plasmid standard curve. The direct protocol
was able to detect as few as 16 viral copies/mL VTM.
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 2 Carryover Study

Monkeypox probe CT value RP1 probe CT value

High Positive 27.6 Negative 27.32
BLANK 0 BLANK 0
High Positive 27.4 Negative 26.397
BLANK 0 BLANK 0
High Positive 27.49 Negative 27.25
BLANK 0 BLANK 0
High Positive 27.5 Negative 26.99
BLANK 0 BLANK 0
High Positive 27.38 Negative 26.93
BLANK 0 BLANK 0
High Positive 27.34 Negative 26.72
BLANK 0 BLANK 37.22
High Positive 27.38 Negative 26.83
BLANK 0 BLANK 0
High Positive 27.37 Negative 26.99
BLANK 0 BLANK 0
High Positive 27.37 Negative 26.9
BLANK 0 BLANK 0
High Positive 27.37 Negative 26.99
BLANK 0 BLANK 0

Figure 1 Overall standard curve demonstrating CT values for plasmid DNA
concentration from 1 to 1,000,000 copies/mL viral transport medium. The
logarithmic equation for the trendline is shown as well as the R2 value.

Validation of Direct Monkeypox PCR
Prospective Correlation of the Direct versus Indirect
PCR Methods

Comparison of the CT values and qualitative results ob-
tained by the direct method and the indirect method was
undertaken. A total of 20 positive and 20 negative samples,
as determined by the direct method, were sequentially
chosen to undergo testing by the indirect method. Linear
regression analysis of positive samples demonstrated an R2

value of 0.88, and the Deming regression line had a slope of
0.9063 and an intercept of 2.8542 (Figure 2). Bland-Altman
analysis of positive samples revealed a mean difference in
Table 1 Analytical Specificity

Pathogen CT value

Zika virus 0
EBV 0
HSV 1 0
Influenza A H3N2 0
Influenza A H1N1 0
Influenza B 0
RSV A 0
Parainfluenza 1 0
Parainfluenza 2 39.84
Parainfluenza 3 0
HSV 2 0
Adenovirus 3 0
Metapneumovirus 0
Rhinovirus 0
Coronavirus OCA3 0
Coronavirus 228E 0
Coronavirus NL63 0
Coronavirus HKL1-1 0
Bordetella pertussis 0
Chlamydia pneumoniae 0
Mycoplasma pneumoniae 0
Candida albicans 0
Neisseria meningitis 0
SARS-CoV-2 0

EBV, Epstein-Barr virus; HSV, herpes simplex virus; RSV, respiratory
syncytial virus.
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CT values between the direct and indirect methods of 0.499
and an SD of 1.52. The upper 95% CI for the difference in
CT values was determined to be 3.48, and the lower 95% CI
was determined to be e2.48. No values fell outside the
upper 95% CI, but one value fell outside of the lower 95%
CI (e2.52) (Figure 3). All samples positive for monkeypox
by the direct method were positive when tested with the
indirect method. Similarly, all samples negative for mon-
keypox with the direct method were also negative when
tested with the indirect method (Table 4).

Discussion

The need for rapid scalability of testing for emerging
pathogens became important during the recent and ongoing
COVID-19 pandemic. In the early steps of the pandemic,
laboratories faced significant challenges in meeting testing
demand, including staffing shortages, high costs, and supply
Table 3 Dilution Study

Sample
Dilution
factor Direct Extracted

Calculated
copies

100017515822 1 34.455 34.305 16
100017385420 1 25.28 25.02 7061
100018465412 1 26.45 25.14 3247
100017515822 10 ND ND N/A
100017385420 10 28.415 28.8 881
100018465412 10 29.805 29.245 350
100017515822 100 ND ND N/A
100017385420 100 31.3 32.19 130
100018465412 100 32.74 32.675 50

N/A, not applicable; ND, not detected.
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Figure 2 Linear regression analysis of positive samples. The equation
of the trendline and the R2 value are shown.

Table 4 Accuracy

Variable Positive indirect Negative indirect

Positive direct 20 0
Negative indirect 0 20

Chelsky et al
chain problems, such as a shortage of nucleic acid extraction
kits.7 During this time, it was shown that the shortage of
nucleic acid extraction kits could be bypassed by generation
of nucleic acid extraction-free protocols, and nucleic acid
extraction-free protocols were generated for COVID-19
PCR testing.4e6,8 Instead of a nucleic acid extraction step,
these protocols used proteinase K and heat to destroy PCR
inhibitors and release the nucleic acid from the viral enve-
lope. This extraction-free approach to COVID-19 testing
helped laboratories to avoid supply constraints, decrease
turnaround time, reduce expenses, and improve laboratory
safety for technologists.9e12

Given the rapid spread of the current monkeypox
outbreak, rapid scalability of testing for monkeypox testing
may also be needed. Considering the difference in virus
structure between SARS-CoV-2 and monkeypox (RNA
versus DNA virus), the CDC DNA extraction indirect
method was compared with a direct PCR method employed
by many for RNA coronavirus testing. Although the current
testing volume for monkeypox remains low, the CDC rec-
ommends testing two to three lesions per patient, so the
number of samples tested in a laboratory will increase at a
much faster rate than during the COVID-19 pandemic,
when the recommended specimen was a single nasal swab.
Figure 3 Bland-Altman analysis of positive samples. The mean differ-
ence in CT values is 0.499 (solid line), and the upper (3.48) and lower
(e2.48) 95% CIs are shown (dashed lines).
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The results of the nucleic acid extraction-free approach to
monkeypox PCR shows that a direct method can also be
employed to improve the scalability of testing for mon-
keypox. By avoiding the requirement for nucleic acid
extraction, the direct method avoids potential shortages in
extraction kits. In addition, utilization of the direct approach
decreased technician hands-on time by 30 to 60 minutes per
run, depending on the number of samples being tested. This
not only reduced technician exposure to potentially infec-
tious specimens but increased the number of samples that
could be run in a single day. The direct method also de-
creases the direct costs an estimated $16 per sample in re-
agents, disposables, and technologist time, which can be
costly given the recommendation that two to three lesions
per patient be tested.
The direct method described herein demonstrates 100%

concordance when comparing results from the direct and
indirect methods of both the positive and negative results.
However, one potential concern with direct testing is that it
may be less sensitive than an indirect/extraction-based
method because of the target nucleic acid concentration
potentially being less than with an indirect/extraction-based
method. In a direct method, there is no lysis or nucleic acid
concentration step, and these direct methods use proteinase
K, so the nucleic acid is diluted further by this addition. In the
direct protocol, 5 mL of proteinase K is added to 50 mL of
patient sample, and this addition can be seen as a negligible
dilution given that the assay was able to detect as few as 16
copies/mL. In addition, the mean difference in CT values for
positive samples when comparing direct and indirect methods
was 0.499, suggesting that there may have been a small
dilution effect present; however, sensitivity of the assay did
not appear to be affected, even at low viral concentrations
through the dilution studies performed. Furthermore, the
Bland-Altman analysis of positive samples demonstrates a
wide distribution of differences across the 0 line without a
positive trend in difference with increasing Ct values. A
limitation to the study, however, may be that only four
positive samples had a mean CT value (CT direct and indirect)
of >30, which may not be enough samples with viral loads
near the limit of detection to see an effect of dilution. In
addition, for samples with visible blood contamination,
nucleic acid extraction is advisable to avoid inhibition.
This validation of a direct method monkeypox assay will

allow laboratories to lower costs, reduce dependance on the
supply chain for nucleic acid extraction kits, and decrease
exposure of laboratory scientists to potentially infectious
specimens. In addition, it may be suitable for incorporation
into automated and high-throughput testing. This direct
jmdjournal.org - The Journal of Molecular Diagnostics
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Validation of Direct Monkeypox PCR
method will make it easier for laboratories across the world
to rapidly develop, validate, and scale testing for mon-
keypox virus.
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