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Nucleic acid amplification technique (NAT)-based assays (referred to here as NAT assays) are increasingly used as an alternative
to culture-based approaches for the detection of mycoplasma contamination of cell cultures. Assay features, like the limit of de-
tection or quantification, vary widely between different mycoplasma NAT assays. Biological reference materials may be useful
for harmonization of mycoplasma NAT assays. An international feasibility study included lyophilized preparations of four dis-
tantly related mycoplasma species (Acholeplasma laidlawii, Mycoplasma fermentans, M. orale, M. pneumoniae) at different
concentrations which were analyzed by 21 laboratories using 26 NAT assays with a qualitative, semiquantitative, or quantitative
design. An M. fermentans preparation was shown to decrease the interassay variation when used as a common reference mate-
rial. The preparation was remanufactured and characterized in a comparability study, and its potency (in NAT-detectable units)
across different NATs was determined. The World Health Organization (WHO) Expert Committee on Biological Standardiza-
tion (ECBS) established this preparation to be the “1st World Health Organization international standard for mycoplasma DNA
for nucleic acid amplification technique-based assays designed for generic mycoplasma detection” (WHO Tech Rep Ser 987:42,
2014) with a potency of 200,000 IU/ml. This WHO international standard is now available as a reference preparation for charac-

terization of NAT assays, e.g., for determination of analytic sensitivity, for calibration of quantitative assays in a common
unitage, and for defining regulatory requirements in the field of mycoplasma testing.

ontamination of eukaryotic cell cultures with species from the

bacterial class Mollicutes (its trivial name, mycoplasmas, is
used throughout this report) may introduce changes in cell me-
tabolism and phenotype. Mycoplasmas are small bacteria (diam-
eter, 0.2 wm) that lack a cell wall and that may pass through bac-
terial filters. Mycoplasma contamination of cell cultures may
affect both the scientific results of cell culture-based research and
the quality of biological medicines manufactured by cell culture in
the biopharmaceutical industry (1, 2). Biologics, such as vaccines,
recombinant proteins, or monoclonal antibodies, are produced in
bioreactors, and mycoplasma contamination significantly im-
pacts product quality and safety, with major economic conse-
quences. Regulations in different parts of the world require the
testing of cell banks (master cell banks, working cell banks) for the
presence of viable mycoplasma as well as downstream cell cultures
prior to harvest (unprocessed bulk) (3-7).

Historically, international (e.g., European Union and U.S.)
regulations on the evaluation of potential mycoplasma growth
have been based on the inoculation of test samples in parallel on
solid agar media and in liquid enrichment media favorable for
slowly growing strains of mycoplasma, which are subsequently
tested on solid agar. Mycoplasmas grown on solid agar usually
form colonies with a typical fried egg shape. An additional myco-
plasma test includes the use of so-called indicator cell lines neces-
sary for the propagation of potential noncultivable mycoplasma
strains which need living eukaryotic cells for their growth. After
incubation, the indicator cells are fixed and stained with a DNA-
binding fluorescent dye and analyzed under a fluorescence micro-
scope. Here, mycoplasmas are identified by detection of their
characteristic particulate or filamentous pattern on the cell sur-
face.

Even though the culture-based detection methods described in
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the various pharmacopoeias are quite sensitive, as defined in
product-specific test validation studies using suitable reference
strains as test organisms, these tests need up to 28 days until a final
result is obtained. With the development of specific and sensitive
test systems based on nucleic acid amplification techniques
(NATs), the question of whether NAT-based assays (referred to
here as NAT assays) could replace the traditional mycoplasma
detection systems arose (8-15). Since 2007, the European Phar-
macopoeia (Ph. Eur.) has allowed the traditional mycoplasma de-
tection tests to be replaced by suitably validated NAT assays. In
legislation enacted elsewhere, NAT assays are accepted as alterna-
tives to traditional tests, if they are of sufficient sensitivity and
properly validated. In section 2.6.7 of the Ph. Eur., the minimal
sensitivity of an NAT is defined to correspond to 10 CFU/ml for
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TABLE 1 Cell titers and mycoplasma DNA concentrations in mycoplasma culture preparations®

Mycoplasma NAT Assay Harmonization

Mycoplasma DNA
. Panel Total cell titer (no. of CFU/ml) No. of copies/ml Mean estlmat.e d no. of NAT-
Preparation and Mycoplasma ~— member detectable units/ml (95%
species or medium no. Target Harvest Before lyo  After lyo Before lyo  After lyo confidence interval) after lyo
Feasibility study panel
Acholeplasma laidlawii 1 1.0E+05 0.86E+05 0.69E+05 6.90E+02 4.77E+05 4.08E+05
9 1.0E+07 0.98E+07 0.33E+07 545E+04 7.02E+07 4.03E+07 1.04E+07 (3.55E+06-3.16E+07)
Mycoplasma fermentans 2 1.0E+03 1.75E+03 0.57E+03  9.25E+01 1.44E+04 1.71E+04
8 1.0E+05 1.67E+05 0.69E+05 0.10E+05 2.62E+06 2.23E+06 5.75E+05 (2.57E+05-1.31E+06)
Mycoplasma orale 3 1.0E+03 0.87E+03 0.45E+03 0.31E+03 1.02E+03 1.56E+03
7 1.0E+05 0.84+05 0.46E+05 0.24E+05 1.44E+05 2.37E+05 1.35E+05 (6.45E+04-2.81E+05)
Mycoplasma pneumoniae 4 1.0E+03 1.47E+03 1.10E+03 0.19E+03 2.53E+03 5.90E+03
6 1.0E+05 1.47E+05 1.15E+05 0.24E+05 1.99E+06 1.07E+06 3.01E+5 (1.44E+05-6.45E+05)
Friis culture medium 5 0 0 0 0 0 0 0
WHO IS preparation, 1.0E+05 0.79E+05 0.75E+05 2.63E+03 1.24E+06 0.73E+06  1.82E+05 (0.81E+05-4.31E+05)

Mycoplasma fermentans

“ Mycoplasma preparations were tested at different stages by the culture method (which provided results as the number of CFU per milliliter) and by NAT (which provided results
as the number of copies per milliliter or the number of NAT-detectable units per milliliter). Stages included source materials (harvest), materials obtained just before lyophilization
(Iyo), and materials obtained after reconstitution of the lyophilized preparations. The amount of mycoplasma DNA in materials before and after lyophilization was determined with
a quantitative NAT assay reporting the number of copies per milliliter (Intego Mycoplasma). The mean number of NAT-detectable units and the corresponding 95% confidence
intervals were calculated for the neat lyophilized preparations on the basis of the results of 19 different NAT assays.

replacement of the culture-based assays or to 100 CFU/ml for
replacement of the indicator cell culture method (5), whereas in
the corresponding chapter (chapter 63) of the United States Phar-
macopeia, the sensitivity required for a validated NAT-based assay
to replace the compendial culture methods is not specified (6). Ph.
Eur. section 2.6.7 also elaborates the requirements for the valida-
tion of NAT assays, including detailed recommendations for stud-
ies regarding specificity, sensitivity (limit of detection), robust-
ness, and comparability studies. These requirements have been
implemented by different NAT assays (16—19). For sensitivity, the
Ph. Eur. states that “an equivalent limit of detection in terms of the
number of copies of mycoplasma nucleic acid in the test sample
(using suitable reference standard of mycoplasma nucleic acid)”
may be chosen (5). In related fields of mandatory testing of bio-
logicals, the Ph. Eur. defines a minimal NAT sensitivity in inter-
national units (IU) per milliliter, on the basis of the respective
World Health Organization (WHO) international standards
(ISs); e.g., the minimal sensitivity is 100 IU/ml for NAT assays for
hepatitis C virus performed on human plasma pools used for
manufacturing of plasma derivatives (20). The project to establish
an IS for mycoplasma DNA detection assays was endorsed by the
WHO Expert Committee on Biological Standardization (ECBS)
in October 2010.

The standardization project described here was coordinated by
the Paul-Ehrlich-Institut (PEI; Langen, Germany), a WHO Col-
laborating Centre for in vitro diagnostics (IVDs), blood and blood
products, as well as vaccines. The project consisted of two phases.
The first phase investigated the feasibility of standardization of
generic mycoplasma detection by a wide range of current NAT
assays of different designs. In the feasibility study, eight prepara-
tions of four distantly related mycoplasma species, i.e., Achole-
plasma laidlawii, Mycoplasma fermentans, Mycoplasma orale, and
Mycoplasma pneumoniae, were evaluated to see whether there was
an improvement in reporting between laboratories and the vari-
ous assays available worldwide. As a result of this feasibility study,
a mycoplasma species was to be selected as the most suitable spe-
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cies as the candidate WHO IS. The second phase (comparability
study) was to assign a value (in international units) to the lyoph-
ilized candidate reference preparation on the basis of the mean
number of NAT-detectable units determined by a range of NAT
assays of different generic detection designs shown to be proficient
in the feasibility study.

MATERIALS AND METHODS

Mycoplasma preparations. The type strains of four mycoplasma species
representing distant phylogenetic branches within the bacterial class Mol-
licutes were selected for inclusion in the feasibility study panels: Myco-
plasma fermentans (PG18", NCTC 10117), Mycoplasma orale (CH192997,
NCTC 10112), Mycoplasma pneumoniae (FH', NCTC 10119), and
Acholeplasma laidlawii (PG8™, NCTC 10116). For cultivation of the my-
coplasma strains, Mycosafe Friis medium (Mycosafe Diagnostics GmbH,
Vienna, Austria), which had been tested and found to be negative for
mycoplasma DNA, was used. The different strains were grown to a target
concentration of approximately 10> CFU/ml (M. fermentans, M. orale,
and M. pneumoniae) or 107 CFU/ml (A. laidlawii) and harvested during
the exponential growth phase. An aliquot of each preparation was addi-
tionally diluted 1:100 using Mycosafe Friis medium as a diluent. The ac-
tual number of CFU was determined for both the neat and the 1:100-
diluted preparations (harvest) and again before and after lyophilization
(Table 1).

For manufacture of the WHO candidate IS preparation, M. fermen-
tans (PG18", NCTC 10117) was grown to a target concentration of 10°
CFU/ml and harvested during the exponential growth phase.

The species identity and purity of each mycoplasma culture were con-
firmed by 16S rRNA gene sequence analysis, which revealed nearly 100%
identity with the 16S rRNA gene sequence of the respective mycoplasma
type strain. These data verified that there were no other bacterial species
present in the culture preparations. In addition, the identity of the strain
in each culture was confirmed by randomly amplified polymorphic DNA
(RAPD) PCR analysis. Furthermore, sterility tests performed under aer-
obic and anaerobic conditions and with both liquid and solid media in-
dicated that no viable bacteria other than the chosen mycoplasma species
were present in the reconstituted candidate WHO IS preparation, even
though some manufacturing steps (e.g., aliquoting) were performed un-
der nonaseptic conditions.
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TABLE 2 NAT assays included in feasibility study

NAT assay use and amplification/detection method Extraction method Assay no.
NAT assays used for (semi)quantitative evaluation
In-house RT-PCR A QIAamp viral RNA minikit
In-house RT-PCR B DNeasy blood and tissue kit
In-house RT-PCR C QiaSymphony
In-house RT-PCR D Phenol-chloroform
Intego Mycoplasma InviMag universal kit/IG 4
Intego Mycoplasma Chemagen RSMI 11
Intego Mycoplasma QIAamp DNA blood minikit 15
Microsart AMP Mycoplasma InviMag universal kit/IG 3
MycoSEQ Mycoplasma real-time PCR PrepSEQ sample preparation kit 5,8,9,10
MycoSEQ Mycoplasma real-time PCR NucliSENS easyMAG 7
MycoTool Mycoplasma real-time PCR MagNA Pure 1
PLEX-ID Mycoplasma detection assay Bead-beating lysis 2
Venor GeM qEP QIAamp DNA blood minikit 15
NAT assays used for qualitative evaluation
Cytolnspect PCR/microarray Cytolnspect DNA extraction kit 18,21, 24
In-house nested PCR E QIAamp DNA minikit
In-house RT-PCR F Phenol-chloroform
In-house RT-PCR G Silica columns
MilliPROBE Target capture (rRNA) 26
MycoTool Mycoplasma Manual, 2-propanol 19
Venor GeM Advance MB DNA extraction kit 20
Venor GeM Advance QIAamp DNA blood minikit 25

Lyophilization and residual moisture determination. Mycoplasma
preparations were stored frozen at —60°C until freeze-drying (lyophiliza-
tion), which was performed by a company certified to perform the EN ISO
13485:2003 standard method. The materials were thawed, and while the
materials were gently stirred, 0.5-ml volumes were dispensed into 3-ml
screw-cap glass vials and immediately frozen. The coefficient of variation
(CV) of filling was calculated from weight determination to be 1.2% for
the feasibility panel members and 1.0% for the WHO candidate IS. Ly-
ophilization was performed for 62 h using a Christ Epsilon 2-25 instru-
ment with its LPC-16/NT process documentation. Before sealing of the
vials, the system was flooded with dry nitrogen to replace the oxygen and
moisture. The freeze-dried preparations were stored at —20°C prior to use
or until delivery.

The amount of residual moisture in the freeze-dried samples was de-
termined for a representative number of vials using an accredited method
(i.e., Karl Fischer titration) according to the guidelines in the Ph. Eur. The
amount of residual moisture was between 0.6% and 1.9%, in line with
current guidance from the WHO (21).

Mycoplasma NAT assays. The assays used by the participants of the
feasibility or comparability study and for characterization of the materials
were either quantitative (reporting e.g., the number of copies per millili-
ter, the number of genome copies per milliliter), semiquantitative (re-
porting cycle threshold [C;] values), or qualitative (reporting results as
reactive or nonreactive). In the study, quantitative and semiquantitative
real-time NAT assays were grouped as (semi)quantitative. The NAT as-
says (which were nearly exclusively based on real-time PCR) in combina-
tion with their extraction systems were comprised of 7 in-house-devel-
oped and 14 commercial systems (Table 2; for the commercial test
systems, see the user guides of the manufacturers for references). The
commercially available (semi)quantitative NATs were Microsart AMP
Mycoplasma (Sartorius Stedim Biotech GmbH, Gottingen, Germany),
Intego Mycoplasma and Venor GeM qEP (both from Minerva Biolabs,
Berlin, Germany), PLEX-ID Mycoplasma detection assay (IBIS Biosci-
ences, Abbott, Carlsbad, CA, USA), MycoTool Mycoplasma real-time
PCR (Roche Diagnostics, Mannheim, Germany), and MycoSEQ Myco-
plasma real-time PCR (Applied Biosystems, Foster City, CA, USA). Com-
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mercially available qualitative NATSs included CytoInspect PCR/microar-
ray (Greiner Bio-One GmbH, Frickenhausen, Germany), MilliPROBE
(Merck Millipore, Billerica, MA, USA), MycoTool Mycoplasma amplifi-
cation and detection kits (Roche Diagnostics GmbH, Mannheim, Ger-
many), and Venor GeM Advance (Minerva Biolabs, Berlin, Germany).

The potential impact of lyophilization on the detectability of myco-
plasma DNA was addressed by comparative evaluation of lyophilized
specimens (feasibility study panel members, candidate WHO IS) and their
corresponding liquid source materials stored frozen at —80°C. Three dif-
ferent quantitative NAT assays (Venor GeM qEP, Intego Mycoplasma,
and MycoSEQ Mycoplasma real-time PCR) were used to evaluate the
potential effects of lyophilization on detection of the different myco-
plasma preparations.

Stability testing. An accelerated stability test program simulating stor-
age/transport temperatures of —20°C, +4°C, +23°C, +37°C, and +45°C
was initiated. The potential degradation of mycoplasma DNA under an
elevated temperature was determined at regular intervals using two quan-
titative real-time NAT assays (Venor GeM qEP, Intego Mycoplasma). The
stability testing has been performed for more than 3 years for the lyophi-
lized A. laidlawii preparation (panel member 9) and more than 2 years for
the WHO IS preparation; these studies are being continued.

Feasibility study design. The study participants’ names and the orga-
nizations with which they are affiliated are provided in Acknowledgments.
For the feasibility study, two different panels of mycoplasma species were
designed for either (semi)quantitative or qualitative NAT assays. All panel
members were coded. Both panels contained the four selected myco-
plasma species as common panel members. Reconstitution of panel mem-
bers was performed with 0.5 ml molecular-grade, nuclease-free water; all
dilutions were to be performed with the diluent representing the usual
negative test matrix of the laboratory. A variety of different diluents were
used by the participants, including isotonic buffers, saline, culture me-
dium, cultured cells, cell culture supernatant, virus bulk harvest, or water.
The study protocols differed between the two approaches: users of (semi)
quantitative assay were asked to perform one dilution step (1:10) for the
high-concentration panel members and to report numerical results, e.g.,
numbers of copies per milliliter or C;. values. Users of qualitative assays
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were asked to perform endpoint dilutions and to report back positive or
negative results for the respective dilutions.

For (semi)quantitative NAT assays, the feasibility study panel con-
sisted of 9 coded members (panel members 1 to 9), representing the ly-
ophilized mycoplasma preparations of different concentrations and a me-
dium control (Table 1). Each participant received three identical panels
for three separate test runs. Following the protocol, each participant per-
formed three separate runs, resulting in at least three results per panel
member and per 1:10 dilution, where proposed.

For qualitative NAT assays, a feasibility study panel which consisted of
lyophilized preparations representing panel members 1, 2, 3, 4, and 9 was
designed (Table 1). Each participant received three identical panels for
three test runs. In the first test run, participants were asked to test the
coded preparations neat and in log,, dilution series until test results be-
came negative in order to determine the preliminary endpoint dilution for
each panel member (the lowest concentration that tested positive). For
the subsequent two test runs, 5 half-log,, dilutions around the predeter-
mined endpoint were tested.

Comparability study design. For comparison of the candidate WHO
IS preparation with the M. fermentans preparation included in the feasi-
bility study panel (panel member 8), the users of selected (semi)quantita-
tive NAT assays were asked to determine the relative concentrations by
testing replicates of both preparations neat and as a 1:10 dilution and to
report back either the numbers of copies per milliliter or the C; values;
users of qualitative NAT assays were asked to test in replicate endpoint
dilution series of the two preparations, following a protocol analogous to
that for the feasibility study.

Statistical methods. Statistical analysis was performed with SAS/
STAT software (version 9.3; SAS System for Windows). Estimations of the
endpoint dilution and relative potency were determined using CombiStats
software (version 5.0, release 2013; EDQM/Council of Europe).

(i) Relative potencies. Evaluation of quantitative assays was per-
formed without removing any outlying data. Assays giving C; values and
those reporting numbers of copies per milliliter were evaluated separately.
The potencies of samples relative to the potency of panel member 8 (M.
fermentans, neat material) or panel member 2 (M. fermentans, 1:100 dilu-
tion), which were given an assigned arbitrary value of 5.00 log,, IU/ml or
3.00 log,, IU/ml, respectively, were estimated by a parallel-line assay with
log-transformed data (quantitative protocol) or probit-transformed data
(endpoint dilution protocol).

(ii) Absolute potencies. (a) Quantitative assays. Evaluation of the re-
sults reported by quantitative assays was restricted to dilutions in the
range where the assays produced comparable data (linear range). For
comparison of laboratories, the replicate results of each laboratory, cor-
rected for the dilution factor, were combined as the arithmetic mean of the
log,, number of copies per milliliter. Furthermore, these estimates were
combined to obtain an overall estimation for each sample.

(b) Qualitative assays (endpoint dilution procedure). The results from
the independent runs were pooled to give a series of the number positive
out of the number tested at each dilution. The pooled results of the single
assays were evaluated by probit analysis to estimate the concentration at
which 63% of the samples tested were positive (i.e., the dilution at which,
on average, a single copy per sample tested could be expected, assuming a
Poisson distribution). The calculated endpoint was used to give estimates
expressed in NAT-detectable units per milliliter after correction for an
equivalent volume of the test sample. This estimation was performed by a
parallel-line assay on probit-transformed data using CombiStats software
(version 4.0, release 2008; EDQM/Council of Europe). The correction
included the volume extracted, the volume eluted, and the fraction used
for amplification.

RESULTS

Characterization of mycoplasma preparations. The different
mycoplasma preparations for the feasibility study were character-
ized at different stages to determine if the performance of the
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preparations was affected by the processing steps: after harvest,
after freeze-thawing prior to lyophilization, and after reconstitu-
tion of the lyophilized material. Table 1 summarizes the results
obtained. The freeze-thaw step prior to lyophilization reduced
mycoplasma viability by a factor of up to 3. The postlyophilization
viability of the different mycoplasma preparations of the feasibil-
ity study panels was determined for the lyophilized specimens and
compared with the mycoplasma viability of the respective liquid
source materials (for which an additional freeze-thaw cycle simu-
lating the lyophilization procedure was included). Mycoplasma
viability was reduced by lyophilization by a factor of approxi-
mately 0.2 log,, (M. orale), 1 log,, (M. fermentans, M. pneu-
moniae), and 2 log,, (A. laidlawii). The potential effect of lyophi-
lization on mycoplasma nucleic acid integrity and/or detectability
was addressed by a comparative investigation of the lyophilized
materials and their liquid source materials by the NAT assays. In
contrast to viability, DNA detection was equivalent between liquid
and lyophilized materials (Table 1).

The stability of the analyte mycoplasma DNA in two different
lyophilized mycoplasma preparations (panel member 9, A laid-
lawii; WHO IS, M. fermentans) was investigated over a time period
of up to 3 years at different storage temperatures, using two dif-
ferent quantitative NATs. Over this period, the analyte myco-
plasma DNA was observed to have a high degree of stability, with
no indication of degradation at storage temperatures of between
—20°C (the recommended storage condition) and +45°C (data
not shown).

Feasibility study. Interest in voluntary participation in the fea-
sibility study was received from numerous organizations repre-
senting governmental authorities, biopharmaceutical manufac-
turers, IVD manufacturers, and contract testing providers (see
Acknowledgments). There was no preselection of laboratories or
NAT assays; all laboratories that expressed a willingness to partic-
ipate were included in the study. Panels of lyophilized myco-
plasma preparations were dispatched at ambient temperature to
21 participating organizations for evaluation in 26 (semi)quanti-
tative or qualitative mycoplasma NAT assays.

The amplification/detection systems and extraction proce-
dures used by the participants are listed in Table 2. The assay
numbers representing commercially available tests are indicated
with the agreement of the manufacturers. Two of the assays
(PLEX-ID Mycoplasma detection assay, Cytolnspect PCR/mi-
croarray) were able to differentiate mycoplasma species. Both as-
says correctly identified the four mycoplasma species of the differ-
ent panel members.

All assays in this evaluation targeted mycoplasma DNA, with
the exception of two assays targeting mycoplasma RNA. NAT as-
says for mycoplasma DNA detection were numbered 1 to 25 [as-
says 1 to 16] were (semi)quantitative assays; (assays 17 to 25 were
qualitative assays), which do not reflect the order in Acknowledg-
ments or Table 2. The results reported back for one of the RNA
detection assays were incomplete and did not allow statistical eval-
uation; therefore, results obtained by this assay are not included
further in this study report. The data obtained with the remaining
RNA detection assay (assay 26, MilliPROBE) were not included in
the relative and absolute potency calculations for assays detecting
mycoplasma DNA.

There were no false-positive results obtained with the negative
specimen (panel member 5) included in the panel for (semi)quan-
titative assays, with the exception of one in-house reverse tran-
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FIG 1 The numbers of the quantitative mycoplasma NAT assays are indicated in boxes, and each box represents a different assay (Table 2). The results reported
by the assays for the different mycoplasma species, A laidlawii (a), M. fermentans (b), M. orale (c), and M. pneumoniae (d) (contained in panel members 9, 8, 7,
and 6, respectively), are represented on a log,, scale. Despite the high variation of the reported results between the assays, individual quantitative NAT assays
exhibited similar relative quantities across the different mycoplasma species; e.g., assays 15 and 16 consistently reported the highest concentrations of myco-

plasma DNA.

scription-PCR (RT-PCR) assay (assay 13), which reported high
Cy values for this panel member.

All assays were able to detect the four mycoplasma species in-
cluded in the panels, with the exception of a (semi)quantitative
in-house assay (assay 6) designed for detection of M. pneumoniae
exclusively, which did not cross-react with the other species, and
two qualitative assays which failed to amplify either M. orale (assay
20) or A. laidlawii and M. pneumoniae (assay 22). Results from
these assays were excluded from the statistical evaluations for the
respective species.

The results reported by quantitative assays for the same panel
members (e.g., in numbers of copies per milliliter) differed be-
tween assays by a factor of up to 5 log,,. The distribution of con-
centrations reported for neat panel members of the four myco-
plasma species are shown in Fig. 1.

The results reported for qualitative assays showed a difference
in sensitivity of up to 2 log, , between assays of the diluted samples
for most assays and species. Figure 2 illustrates the reactivity of
individual qualitative assays (assay numbers 17 to 26) with repli-
cate testing of the respective dilution series, providing for each
assay either consistent positive or negative results (black or white
boxes) or inconsistent results (gray boxes) at the detection limits
of the assays due to the Poisson distribution of the analyte.

Statistical evaluation of feasibility study results. (i) (Semi)
quantitative NAT assays. The design of the panel members com-
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bined with the proposed test protocol revealed results for three
different (by log,,) concentrations (high, medium, low) for each
of the four mycoplasma species included in the panel. The panel
itself included two preparations with a 100-fold difference (high,
low), with the high concentration also being diluted 1:10 by the
participant to the medium concentration.

The relative potency (relative to the potency of a reference
preparation assigned an arbitrary potency) for the remaining
panel members was determined by the respective NAT assays.
For this calculation, either the numbers of copies per milliliter
(reported by quantitative assays) or the C values reported by
semiquantitative real-time NAT's were taken. For the statistical
evaluation, geometric mean values obtained for three individ-
ual panels in three test runs were used. Overall, there was a high
level of reproducibility between different test runs of an assay
(intralaboratory variability), with only a few outlier results be-
ing excluded.

Estimation of relative potencies was done by means of a paral-
lel-line model with the validity preconditions of (i) linearity
within a dilution series for a mycoplasma species and (ii) parallel-
ism between the results obtained for different mycoplasma spe-
cies. The linearity is necessary for a potency calculation covering at
least three concentration levels per species, and the parallelism
(similar slopes) confirms that the amplification efficiency of an
NAT assay system is equivalent for the different mycoplasma spe-
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FIG 2 The numbers of the qualitative NAT assays (assays 17 to 26; see also Table 2) are indicated on the left, and the dilution steps performed for the different
mycoplasma preparations are given on the top. Serial half-log dilutions (neat to —6.5 log,,) of the mycoplasma species A. laidlawii (low concentration) (a), M.
fermentans (b), M. orale (c), M. pneumoniae (d), and A. laidlawii (high concentration) (e) (contained in panel members 1, 2, 3, 4, and 9, respectively) were tested
as replicates. Results obtained on testing of replicates are indicated as black boxes (consistently positive), as white boxes (consistently negative), or as gray boxes
(positive or negative, probably due to the Poisson distribution of the analyte). Several qualitative NAT assays showed a similar relative dilutional sensitivity across
the different mycoplasma species; e.g., assays 19, 21, and 26 consistently exhibited the highest dilutional sensitivities.

cies. If both preconditions are fulfilled for two different myco-
plasma species, the relative potency between these species re-
ported by the specific NAT assay may be calculated. For the vast
majority of assays and mycoplasma preparations, these precondi-
tions were fulfilled.

(ii) Qualitative NAT assays. The data obtained by an NAT
assay in three different dilution series were pooled to give the
number positive out of the number tested at each dilution. As
for the (semi)quantitative assays, the potencies of individual
panel members relative to those of the preparations included in
the panel used as a reference, e.g., M. fermentans, were estimated.

Harmonization of mycoplasma NATs. In the relative potency
calculation, a mycoplasma preparation may be defined as a com-
mon calibrator to which an arbitrary unitage (e.g., an arbitrary
number of IU per milliliter) is assigned, and the relative potency
may be calculated in U per milliliter for the other mycoplasma
preparations. The overall distribution of results, expressed in
IU per milliliter, obtained by the different assays reveals if the
use of a common calibrator helps to harmonize the results
compared to those of an analysis where no common calibrator
is used, e.g., numbers of copies per milliliter. Harmonization is
reflected by a reduction of interassay or interlaboratory varia-
tion. Respective calculations were performed using A. laidlawii,
M. orale, or M. fermentans as candidate calibrators. With A. laid-
lawii (panel member 9), a harmonization of the NAT assay results
compared to the distribution of the numbers of copies per milli-
liter reported by the assays was obtained. However, the A. laidlawii
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preparations were not consistently detected by all assays, and dif-
ferent concentration levels were nonlinear for some assays. Fur-
thermore, compared to the results obtained for M. fermentans, the
results between the runs of some assays appeared to be less con-
sistent for A. laidlawii. M. orale was missed or underestimated by
some assays, and M. pneumoniae, as an agent with a higher bio-
logical hazard classification, would cause logistical shipment
problems if it was chosen as an international reference prepara-
tion. In contrast, if the M. fermentans preparation (panel member
8, assigned an arbitrary concentration of 10° candidate IU myco-
plasma DNA/ml) was used as a common calibrator, the harmoni-
zation in candidate units reported for the other panel members
was striking, especially for M. orale or M. pneumoniae, although it
was slightly less striking for A. laidlawii (Fig. 3). Therefore, M.
fermentans was selected as the most suitable candidate species for
aWHO IS.

Comparability study. A new lyophilized M. fermentans prep-
aration was manufactured using a protocol identical to that used
for preparation of the feasibility study panels. The M. fermentans
concentration of the candidate WHO IS was targeted to be in the
range of that of panel member 8. The measured mycoplasma DNA
concentration and the number of CFU per milliliter both in the
source material used for the candidate WHO IS and in the lyoph-
ilized materials were slightly lower than those in the respective
materials of panel member 8 (Table 1).

Eleven different NAT assays that were shown to be proficient in
the feasibility study in regard to the consistent detection of dis-
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FIG 3 The distribution of candidate numbers of IU per milliliter was calculated for (semi)quantitative assays (assays 1 to 16; dark gray squares, calculations based
on the reported numbers of copies per milliliter; light gray squares, calculations based on C;-values) and for qualitative assays (assays 17 to 25). The assay number
(Table 2) is included in each box. All calculations were based on M. fermentans preparations with an arbitrary concentration of 10° candidate IU/ml (panel
member 8) or 10° candidate IU/ml (panel member 2). The harmonization of the assays by a common calibrator is obvious by the closer distribution of the test
results in IU per milliliter, e.g., compared to the distribution of numbers of copies per milliliter reported by quantitative assays (Fig. 1). Calculations were
performed for the preparations containing A. laidlawii (a), M. orale (b), or M. pneumoniae (c). For A. laidlawii, calculations for qualitative assays (assays 17 to 25)
were performed both for the neat concentration (panel member 9), represented as gray boxes, and for the 1:100 dilution (panel member 1), represented as white

boxes.

tantly related mycoplasma species were used to compare the two
lyophilized preparations. In total, the two materials were com-
pared by four quantitative assays reporting results in numbers of
copies per milliliter, by two semiquantitative assays generating C -
values, and by five qualitative assays in regard to potency differ-
ences. The results obtained by this set of assays are summarized in
Table 3. The mycoplasma DNA content in the candidate WHO IS
was determined to be slightly lower than that in panel member 8;
the weighted mean difference factor was 0.316.

Proposed unitage for the WHO IS. Analytes in complex bio-
logical materials are often not traceable to the International Sys-
tem of Units (SI), e.g., moles or grams; therefore, the respective
WHO ISs are assigned an arbitrary unitage, the international unit
(IU). For NAT ISs developed for infectious diseases, the IU has
generally been aligned as closely as possible to the nucleic acid
copy number (e.g., the genome copy number) or to the NAT-
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detectable unit. Therefore, the mean numbers of copies reported
by different quantitative assays for the feasibility study panel
members were combined with the corresponding mean number
of NAT-detectable units calculated from the different qualitative
assays’ endpoint dilution results. For this calculation, the results of
the feasibility study were used. The mean potencies and 95% con-
fidence intervals for the neat materials of the feasibility study are
shown in Table 1. The mean value of the M. fermentans concen-
tration in panel member 8 was 5.75log, , NAT-detectable units/ml
(575,439 NAT-detectable units/ml). The weighted mean differ-
ence between the candidate WHO IS and panel member 8 was a
factor of 0.316, as determined in the comparability study (Table
3), resulting in 181,838 NAT-detectable units/ml for the candidate
WHO IS. Therefore, it was proposed that a unitage of 2 X 10’
IU/ml, a value close to the number of NAT-detectable units deter-
mined, be assigned to the candidate WHO IS.
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TABLE 3 Comparability study results: potency of proposed WHO IS relative to that of panel member 8 (the reference)?

Potency of WHO IS candidate

No. of copies/ml

relative to that of panel 95% confidence reported for WHO

Assay Assay type member 8 interval IS candidate
In-house RT-PCR A Quantitative 0.288 0.163-0.477 7.4 X 10°
In-house RT-PCR B Quantitative 0.272 0.110-0.535 5.2 X 10°
Microsart AMP Mycoplasma Quantitative 0.282 0.204-0.382 2.7 X 10°
Intego Mycoplasma Quantitative 0.309 0.223-0.421 3.1 X 10°
MycoTool Mycoplasma real-time PCR Semiquantitative 0.270 0.202-0.358

MycoSEQ Mycoplasma real-time PCR Semiquantitative 0.392 0.274-0.549

In-house RT-PCR F Qualitative 0.150 0.000-4.251

In-house RT-PCR G Qualitative 0.750 0.356-1.582

Cytolnspect PCR/microarray Qualitative 0.603 0.062-5.707

Venor GeM Advance Qualitative 0.747 0.204-2.658

MycoTool Mycoplasma amplification and Qualitative 0.383 0.140-1.049

detection kits
Combined” 0.316 0.277-0.360

“ Relative potencies were estimated by means of a parallel line model (quantitative data) and probit analysis (qualitative data; the Spearman-Kaerber method was used instead of the
probit method in cases where the slope of the curves could not be estimated). The overall potency estimator is based on a weighted combination of results. No outliers were

removed from the combination due to relatively homogeneous results.
b Weighted combination estimator.

DISCUSSION

Several scientific publications indicate high interlaboratory and
interassay variability for the determination of mycoplasma con-
tamination. This refers to the measurement of living mycoplasma
cells by biological assays and to the determination of mycoplasma
nucleic acids by NAT assays (22, 23). The high variability between
NAT assays was confirmed in the studies performed in this project
and reemphasizes the need for standardization of these assays. The
collaborative study for the establishment of a WHO IS for myco-
plasma DNA consisted of two parts. In the first phase, the feasi-
bility study, it could be shown that most of the assays designed for
generic detection are able to consistently detect the different my-
coplasma species provided in the panel. In the study, only one
assay that was designed for the specific detection of M. pneu-
moniae (assay 6) did not cross-react with the other mycoplasma
species. The majority of assays of generic design detected the four
mycoplasma species contained in the panel. Only a few in-house-
developed qualitative assays failed to detect one or more of the
mycoplasma species or showed different sensitivities for different
species. In this initial study, the need for an international reference
preparation was also confirmed by the high variation of quantita-
tive assay results for the same preparations, best explained by a
current lack of standardization of assays.

We performed different calculations assuming that individual
panel members would be used as a common calibrator. Some
degree of harmonization between assays would have been
achieved with any panel member; however, the M. fermentans
preparation appeared to be the most suitable candidate. The effect
of harmonization of assays by use of the M. fermentans prepara-
tion as a common calibrator is obvious when the potencies of the
other mycoplasma preparations are expressed relative to the po-
tency of the M. fermentans preparation.

Due to the complex composition of biological materials, the
target analyte, e.g., the nucleic acid of a virus or an organism, has
to be extracted and purified prior to analysis. This kind of analyte
is often not traceable to SI units, e.g., grams or moles. WHO ISs are
instead often assigned in IU per milliliter to have a common value
for the content of the analyte. In the field of NAT assays, the
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numbers of IU per milliliter assigned to the WHO ISs have been in
a range broadly similar to the numbers of copies per milliliter
reported by quantitative assays and the number of PCR-detectable
units per milliliter calculated from qualitative assay results ob-
tained by replicate limiting dilutions. In the comparability study,
the weighted mean difference factor between panel member 8 and
the corresponding candidate WHO IS was calculated using a
number of assays of different types (quantitative, semiquantita-
tive, qualitative) and designs. On the basis of this differential fac-
tor and the absolute mean potency of panel member 8 in the
feasibility study, it was proposed to assign a concentration of 2 X
10° IU/ml to the candidate WHO IS for mycoplasma DNA. This
value is in the same range as the numbers of copies per milliliter
both reported by different quantitative NAT assays (Table 3) and
confirmed by an NAT-independent method for measuring
genomic mycoplasma DNA in panel member 8 after staining
with PicoGreen, a fluorochrome selectively binding to double-
stranded DNA (S. Czurda, data not shown).

The unitage associated with the candidate WHO IS is for my-
coplasma DNA and not RNA. First, only one assay (assay 26) in
the feasibility study delivered complete results based on RNA de-
tection. The results obtained for assay 26 (MilliPROBE) were re-
ported for information purposes only and were not included in
the statistical evaluation of the DNA detection assays. Second,
mycoplasma RNA as an analyte representing mycoplasma con-
tamination is potentially very different from the analyte myco-
plasma genomic DNA. The composition and levels of different
mycoplasma RNAs depend on the metabolic status of the myco-
plasma cell (e.g., cultivation conditions), and test results may de-
pend on the specific target RNAs selected by different assays. Fur-
thermore, there are strong indications that even in lyophilized
specimens, mycoplasma RNA is less stable under accelerated and
stress conditions than mycoplasma DNA (T. Himmerle, personal
communication). In conclusion, assays targeting (potentially dif-
ferent) mycoplasma RNA may be much more difficult to stan-
dardize by use of a reference preparation of the current design.

The feasibility study revealed that one mycoplasma species
may be representative of another, with even distantly related my-
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coplasma species being much more consistently detected after
harmonization of NAT assays designed for generic mycoplasma
detection. As a result of these studies, the candidate WHO IS cho-
sen is a culture-based preparation of Mycoplasma fermentans
which has been freeze-dried for long-term stability.

Based on the data summarized here, the WHO ECBS estab-
lished on 25 October 2013 the lyophilized M. fermentans prepara-
tion as the “1st World Health Organization international standard
for mycoplasma DNA for nucleic acid amplification technique-
based assays designed for generic mycoplasma detection” (24)
with an assigned unitage of 2 X 10° IU/ml. This new WHO IS is
now available from the WHO Collaborating Centre at PEI (www
.pei.de).
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