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1. Introduction

The phenomenon of cellular cross-contamination and misidentifi-
cation (“CCCM™) was identified more than six decades ago and continues
to pose significant challenges for laboratories globally. The prevalence
of CCCM is alarmingly high, with estimates suggesting that up to 30% of
cell lines may be misidentified, leading to substantial financial losses
[2-4]. Accelerating progress in biotechnology has intensified the
complexity of ensuring experimental reproducibility and data validity
and compounds the need to protect the intellectual property that arises
from cell line engineering. This calls for a unified approach from the
scientific community—including researchers, journal editors, and
funding bodies—to adopt new technologies and establish robust cellular
authentication protocols as standard practice in life science research.

Despite fifty-five years of attention through reviews, letters, calls to
action, surveys, and technical innovations [5-8], cellular
cross-contamination and misidentification persist, with global rates
estimated to be between 14% and 46%. The International Journal of
Cancer (“IJC”), an early proponent of mandated authentication for
publication, observed cell line problems in approximately a fifth of
submitted manuscripts over the three-year period from 2018 to 2021 [4,
9-11]. The propagation of genetically engineered sublineages exacer-
bates this problem, highlighting the urgent need for widespread adop-
tion of authentication protocols.

Like CCCM, mycoplasma contamination dates to the dawn of cell
culture and undermines the validity and reproducibility of experimental
results. First reported in 1956, many cell cultures and established cell
lines were found to be contaminated with mycoplasma. The small size

and atypical antibiotic resistance of mycoplasma enable it to pass
through filters and multiply in media prodigiously [12]. Mycoplasma
contamination rarely induces morphological changes, instead altering
biosynthetic pathways, genetics, and general cell function, and therefore
must be assayed chemically or biologically [13-15]. In contrast to its
response to CCCM, the scientific community took swift and decisive
action to minimize the potential damage posed by mycoplasma
contamination. Only a few years after the first reported identification of
contamination, the United States Public Health Service (“USPHS”)
required a test for cell cultures used to produce viral vaccines. A decade
later, the Food and Drug Administration (“FDA”) codified guidance for
mycoplasma contamination testing in 21 CFR 610.30. These swift ac-
tions led to a significant reduction in primary cell line contamination
and secondary contamination [9,14].

Previous reviews have highlighted authentication methods and da-
tabases of cell fingerprints as potential mechanisms by which the threat
of CCCM could be mitigated [10,16-18]. Short tandem repeats (“STRs”)
are microsatellites with repeat units 2 to 7 base pairs in length, with the
number of repeats varying among cell lines, making them effective for
cell line authentication. Adopted by pharmaceutical companies and
academia for the characterization of primary and immortalized cells
[11,19], STR profiling is well established with standard protocols pub-
lished by the American National Standards Institute (“ANSI”) [20-22],
relatively inexpensive, and flexible — its resolution can be improved by
increasing the number of profiled loci [23,24].

Immortalized cell lines have revolutionized molecular biology by
simplifying research processes and reducing costs, allowing cultures to
be duplicated, cryogenically preserved for long periods, revived, and

“If we can’t tell one cell from another, we have grave problems.” — Robert H. Bassin, PhD [1]
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immediately employed in experiments. Immortalized cell lines typically
retain similarity to their progenitors in culture, including some level of
clonal heterogeneity, but they develop genetic instability and frequent
aneuploidy [25-27]. Genetic drift can be significant enough over
extended passaging to render a line unrepresentative of its primary
source. A further drawback of this phenomenon is that CCCM or other
issues with a line may be attributed to qualities acquired through genetic
de-repression. For instance, irregularities in Chang liver cells were
initially ascribed to this, but the cells were eventually confirmed to be
HeLa-derived [2,22,28-30]. Unlike immortalized cells, primary cells are
only able to divide a fixed number of times. They remain the gold
standard for therapeutic tests because of genotypic and phenotypic fi-
delity to their source tissues but are still susceptible to CCCM [27].

The mechanisms for CCCM are diverse, ranging from use of the same
media and reagents to culture different cell lines to mislabeling of cul-
tures and laboratory disorganization [27,31]. Historically, intraspecies
contamination is more common since interspecies contamination is
more easily detected [27]. A striking example is the STR-based detection
of HeLa contamination in the human endometrial cell line HES, high-
lighting the risk of secondary contamination [32,33]. This phenomenon
raises questions about the existence of authentic stock for any given cell
line and emphasizes the importance of transparency and self-reporting
within the scientific community.

Despite the availability of tools to prevent CCCM, a comprehensive
and mandated approach akin to the one taken against mycoplasma
contamination is lacking. The reluctance to address CCCM is often due to
a misconception among principal investigators who do not perceive
their labs as susceptible. However, contamination rates and the fre-
quency of high-profile cases demonstrate the universal vulnerability to
CCCM [34-37]. Establishing robust protocols and regular authentication
practices can substantially reduce the incidence of CCCM. The cost of
these preventive measures is minimal compared to the potential finan-
cial and reputational damage of compromised research.

The consequences of CCCM are dire, leading to invalid data,
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irreproducible experiments, and the wasteful expenditure of valuable
resources. Scientific reproducibility is intertwined with data integrity, a
fact highlighted by multiple assessments of influential research papers,
which revealed a crisis of reproducibility. Amgen attempted to confirm
53 landmark oncology papers in the early 2000s and successfully vali-
dated 6 (11%). Bayer Healthcare released a similar report disclosing that
they were only able to verify 25% of preclinical research [38,39]. The
inability to replicate findings from a significant percentage of studies
indicates a systemic issue that extends beyond individual lapses in
methodology. Surveys have indicated that 70% of scientists have tried
and failed to reproduce manuscript findings [40-42]. A 2014 National
Academy of Sciences committee planning to emphasize the necessity of
transparency and reproducibility selected 193 experiments from 53
important cancer biology papers published from 2010-2012, corre-
sponded with the authors, and undertook the replication of the findings
[43]. The “Reproducibility Project: Cancer Biology” was unable to find
sufficient protocol information for reproducing the experiments in any
of the original manuscripts, and even when they were able to rerun
experiments, the reconstructed findings were often of greater variability
or lower efficacy than the original ones [43-46]. These conclusions do
not negate the entire profiled body of work, but they do underscore the
need for improved communication and transparency in experimental
reporting.

2. Historical context

The history of cellular cross-contamination and misidentification is
punctuated by significant events that have shaped the current under-
standing and approach to this persistent issue (Figs. 1,2). The harvest
and culture of Henriette Lacks’ cervical adenocarcinoma cells by Dr.
George Gey in 1951 [3,47,48] represented the first “cancer in a test
tube” and catalyzed an era of research based on immortalized human
cells. Since then, immortalized cells have enabled a rapid expansion of
the applications and interrogative abilities of in vitro science. For
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Fig. 1. Historical Timeline. Significant events in cellular cross-contamination and misidentification.
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Fig. 2. Life Sciences Spending, Reproducibility, and CCCM. (A) In 2012, life sciences spending in the USA was split between preclinical and clinical research [99].
(B) More than half of the research produced from 2012 American life sciences spending was irreproducible [99]. (C) Work based on biology research tainted by
CCCM demonstrates the impact of the issue [3,4,100]. (D) INT407, like other misidentified lines, has a major impact on secondary publications [3]. (E) HEp-2 [HeLa]
research is still frequently cited [3]. (F) The annual financial effect of CCCM is more than 15 times the overall funding of research by the American Cancer Society

[87,102].

example, human cells are ubiquitously used in the production of vac-
cines, including those for COVID-19 [49].

A notable early example is the work of Jonas Salk in the 1950s. While
developing his polio vaccine, Salk utilized various cell types, including
HeLa cells [50]. It was during a series of clinical trials that Salk, aiming
to induce immune responses in cancer patients, inadvertently injected
them with HeLa cells instead of the intended cynomolgus monkey heart
cells. This mishap, later confirmed by Dr. Nelson-Rees, a cell culture
expert and early proponent of cell line authentication [51], was signif-
icant enough that, had the same oversight occurred today, the polio
vaccine would not meet FDA approval standards [14,52]. Dr. Salk’s
experience was far from unique. Dubbed by some “the ghosts of HeLa”,
these cells have been a notorious contaminant of cell culture work for
decades [3,47,53,54].

Early cases of suspected CCCM were communicated in 1957 by
McCulloch and Westwood, who studied the MCN and ERK-1 cell lines,
respectively [31]. These reports motivated interest in karyological and
immunological characterization techniques by Rothfels (1959), Defendi
(1960), and Brand and Syverton (1962), in addition to the formation of
the Cell Culture Collection Committee in 1960 [55-58]. Walter Nel-
son-Rees’” “Cell Culture Lab” was created and funded by the National
Cancer Institute (“NCI”) in 1961 [59]. Stanley Gartler explored the po-
tential of genetic markers for CCCM detection [60] and examined HeLa
contamination in a landmark isoenzyme panel of popular cell lines [54].

Through the 1970s, the field witnessed efforts to combat CCCM, such
as the Animal Cell Culture Collection [55], but the response from the
scientific community was tepid. Between 1970 and 1974, Walter
Nelson-Rees wrote 25 papers on CCCM, yet there was little reaction from
the field [61]. As CCCM continued to spread, Nelson-Rees developed a
technique for marker chromosome banding [62]. He published the first
list of interspecies contaminants in 1976 and analyzed recently estab-
lished lines [59,63]. The range of possible CCCM detection methods was
expanded by O’Brien, et al. with the introduction of enzymatic poly-
morphisms (allozymes) in 1977 [30]. Following this, Jonas Salk spoke at

the 1978 Lake Placid Conference on the Cellular Production of Vaccines
and mentioned his own experiences with CCCM; these were omitted
from the official record by the editors of the conference’s proceedings
[59,64]. In 1978, Lavappa produced a survey of American Type Culture
Collection (“ATCC”) stocks for HeLa contamination [65]. A year later, in
another prominent case of CCCM, an anonymous reviewer requested
that Todd and Furcinitti remove details surrounding suspected cellular
contamination from a manuscript [59,66,67]. This situation was
brought to light after Nelson-Rees identified the cells used by the duo as
HeLa cells [67]. They commented that “not all attempts by scientists to
be honest and thorough are accommodated by journal editorial policies”
[59].

High-profile exposés continued to appear, driven largely by Nelson-
Rees. Three labs independently evaluated “neoplastic Hodgkin’s disease
cells” produced by Harvard pathologist John C. Long and revealed them
to be non-Hodgkin’s cells of human and Colombian brown-footed owl
monkey origins [68]. This example of misconduct marked the first time
the Proceedings of the National Academy of Sciences (“PNAS”) had to
“disown a published paper” and earned the ire of reporter David Dick-
son, who called it a “corruption of ... the literature” [69]. John Maddox,
then-editor of Nature, accused Nelson-Rees of vigilantism, saying there
was “no reason to suppose the few cases of dishonesty that have come to
light are in any sense the tip of the iceberg” [59]. In contrast, former
Stanford president Donald Kennedy asserted that “whatever one sees is
probably only a small fraction of what actually goes on” [59].
Nelson-Rees revised and expanded his list of contaminated lines in the
same year [7]. Responses to his work ranged from gentle retractions of
cell lines (as in the cases of Bassin, Essex, and Kanki) to “unsigned
telegrams containing one-way tickets to and promises of positions in
Uganda” [59].

The invention of deoxyribonucleic acid (“DNA™) fingerprinting by
Jeffreys, et al. in 1985 was quickly applied to cell line recognition [61,
70-73], with subsequent discoveries of HeLa contamination in various
lines underscoring the extent of the CCCM problem. A few years later,
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Ogura, et al. uncovered HeLa contamination in the lines JTC-3, OG, and
OE [74]. In 1999, scientists at the Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen (“DSMZ”) profiled 252 human cell lines
submitted by cell repositories and originating laboratories using mini
and microsatellite techniques, calculating that 18% of the donated lines
and 29% of the 93 sources were affected by CCCM [6]. The authors
discussed CCCM in relation to hematopoietic lines, and later commen-
taries on the work suspected higher “true percentages” of CCCM because
secondarily acquired lines have generally exhibited greater CCCM rates
[24,75]. The 1990s and 2000s saw many other instances of CCCM and
the proliferation of DNA fingerprinting methods, such as amplified
fragment length polymorphism (“AmpFLP”), restriction fragment length
polymorphism (“RFLP”), and STR profiling [31,76-79].

By the end of the 20th century, with the establishment of cell line
repositories, the scope of CCCM was becoming clearer. The new mil-
lennium brought with it studies showing that a significant percentage of
cell lines were affected, hinting at an even more widespread issue than
previously thought and generating a collective demand for mandatory
authentication requirements for publication. In 2000, a team of Amer-
ican, British, and German researchers signed a resolution demanding a
worldwide mandatory authentication requirement for publishing after
the DSMZ and ATCC reported on the extent of CCCM in cell line re-
positories [80]. In 2001, the first online database of STR markers,
STRBase, was released to the forensics community. STR fingerprinting
was proposed as an “international reference standard” that same year
[22,81]. These were milestones in establishing a systematic approach to
cell line authentication, but despite these advancements, surveys
revealed a lackadaisical attitude towards CCCM, with many researchers
failing to verify their cell lines regularly. In 2003, Drexler, et al. fin-
gerprinted 550 leukemia-lymphoma cells and calculated a 29.7% rate of
CCCM [82]. In 2004, UC Berkeley’s Gertrude Buehring presented a
survey of 483 researchers meant to probe attitudes towards CCCM and
mitigation practices. Fewer than 50% of respondents regularly verified
lines using standard techniques and previously uncovered HeLa con-
taminants were being used by 9% of scientists [83]. 2005 saw the
publicizing of contamination in the putative normal colon epithelial cell
line and an article by Masters quantifying the continued use of the
recognized contaminated cell lines INT407, WISH, Chang Liver, HEp-2,
and KB [37,61]. The issue of CCCM was reviewed two years later,
revealing an 18-36% CCCM rate. The NCI disclosed that a contaminated
cell line (then called MF-7/ADR and now called NCI/ADR-RES) had
infiltrated its NCI-60 Human Tumor Cell Lines Screen [75,84].

In response to the mounting evidence and continued spread of
CCCM, the International Journal of Cancer proposed that a consortium
of journals adopt mandatory authentication policies [4]. Calls for a
standardized method of cellular authentication mounted once more in
2009 [16,47,85]. Notably, one group of authors emphasized the lack of
action against CCCM by reiterating that “KB is not an oral squamous
carcinoma cell line”, despite this having been discovered in 1978 [65,
86]. 2010 saw Capes-Davis, Dirks, and others recommending STR
authentication for “human cell lines, stem cells, and tissues” [52].

The following years saw the organization of the International Cell
Line Authentication Committee (“ICLAC”) and the release of databases
and tools such as Cellosaurus and CLASTR, which aimed to provide re-
sources for accurate cell line identification. ICLAC was organized in
2012 after a collection of scientists formulated a standard using STR
profiling (ASN-0002) [10,87]. In 2013, Vasilevsky, et al. evaluated 200
papers and reported that 57% of cell lines were not uniquely identifi-
able; the true incidence was probably much higher because the survey
did not include “cells displaced by unknown cell types, incorrect first
culture identifications, and individual lab data” [88]. In 2014, Astra-
Zeneca shared the experiences of its scientists in trying to establish a
centralized corporate cell bank, outlining guidelines for “cells used in
biomedical research” [19,76]. CCCM in the HES cell line was detected;
public announcements and interlaboratory testing followed [32]. In
2015, the Cancer Cell Authentication and Standards Task Force of the
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Global Biological Standards Institute published a framework for
changing the culture surrounding cellular authentication [10,89]. In
2017, the LJC publicized a case study describing their experience
mandating cell line verification for published work [4]. The Cellosaurus
database went online in 2018 and its search tool, CLASTR, was released
in 2019 [90,91]. The RNA-Seq cell line authentication server CCLA was
released in 2020 [92].

This historical journey, from the early days of HeLa contamination to
the establishment of comprehensive databases and standards, un-
derscores the evolving battle against CCCM. It is in some ways a testa-
ment of the failure of the scientific community to respond
comprehensively to persistent challenges to research integrity.

3. Current challenges and issues

The persistent threat of cellular cross-contamination and misidenti-
fication continues to cast a long shadow over the landscape of contem-
porary scientific research. Despite over six decades of awareness and
significant technological advances, the prevalence of CCCM remains
disturbingly high, with estimates suggesting that 14% to 46% of cell
lines are misidentified. This widespread issue not only undermines the
validity of research findings but also leads to substantial economic los-
ses, with several billion dollars estimated to be wasted annually due to
compromised studies.

The advent of biotechnology and the acceleration of cellular engi-
neering have further complicated the CCCM challenge. As researchers
push the boundaries of science, particularly in the fields of genetics and
cellular biology, the need for accurate cell line authentication becomes
increasingly critical. The safeguarding of intellectual property, a
byproduct of cell line engineering, adds another layer of complexity to
the issue, making it imperative for researchers to verify the lineage and
purity of their cell lines to protect their work and contributions to the
field.

One of the historical parallels to the CCCM issue is mycoplasma
contamination, which has plagued cell cultures since the early days of
cell culture techniques. The insidious nature of mycoplasma, with its
small size and resistance to common antibiotics, has necessitated the
development of specialized assays for detection. In stark contrast to the
slow response to CCCM, the scientific community responded decisively
to the mycoplasma threat, leading to stringent testing requirements and
a significant reduction in contamination rates. This swift action against
mycoplasma serves as a benchmark for the level of response required to
mitigate CCCM.

Moreover, the propagation of genetically engineered cell lines has
introduced a new dimension to the CCCM issue. With these advanced
cell lines comes the risk of further complicating the already challenging
task of maintaining pure cultures. Instances of secondary contamination,
such as the notable case of HeLa contamination in the human endo-
metrial cell line HES, exemplify the intricate web of contamination that
researchers must navigate. The problem is compounded by the fact that
contamination can occur at any stage, from cell line derivation to lab-
oratory handling, making the tracing and verification of cell line
authenticity a daunting task.

Despite the availability of sophisticated authentication methods like
Short Tandem Repeat profiling, there remains a gap in universal adop-
tion and implementation of such protocols. The resistance to addressing
CCCM proactively can be attributed to various factors, including a lack
of awareness among principal investigators about the potential risks to
their laboratories and the misconception that non-tissue-specific ex-
periments are exempt from the threat of contamination. This compla-
cency is at odds with the high-profile cases and contamination rates,
which unequivocally demonstrate that no laboratory is immune.

To combat these challenges, it is essential to establish protocols that
are as fundamental to scientific research as maintaining a laboratory
notebook. If research teams were to adopt cell line authentication at the
onset and conclusion of each experimental series, and periodically
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thereafter, the incidence of CCCM could be significantly reduced. The
cost of authentication, often cited as a barrier, pales in comparison to the
economic and reputational damage that can result from compromised
research.

The path to addressing current challenges and issues in CCCM lies in
a concerted effort from all stakeholders in the scientific community. It
involves not only the adoption of established authentication protocols
but also a cultural shift towards transparency and accountability in
research practices. The future of scientific integrity and reproducibility
hinges on our ability to confront and overcome the challenges posed by

CCCM.

4. Technological and methodological advances

Academic and commercial entities have developed a diverse suite of

technologies and services

in the fight against cellular cross-

contamination and misidentification, but challenges remain, particu-
larly with intraspecies contamination [11,93-96]; Tables 1,2.

4.1. Conventional karyotyping

Conventional karyotyping has been reported to detect contamination
when present in as little as 1% of a culture [31,97]. It requires sub-
stantial time and expertise, making newer approaches more attractive

Table 1

Historic, popular, and new techniques for CCCM detection and cellular

authentication.

Techniques for CCCM Detection and Cellular Authentication

Name General Workflow Refs.

Karyotyping

Classical Karyotyping Fix cells in metaphase, arrange, [11,28,37,85,
(CK) analyze 116,126]

G-Banding (Giemsa CK with staining [11,44,49]
Staining)

Spectral Karyotyping CK with fluorescent probe [11,49,85]
(SKY, FISH) hybridization

Antigen-Antibody Reactions

Fluorescent Antibody Aliquot cells, treat, analyze [11,63,117,
Staining 118]

HL-A Typing Aliquot cells, treat, analyze [11]

Enzyme Analysis

Isoenzyme Analysis Extract enzymes, gel electrophoresis, [11,19,37,67,

analyze 85]
Allozyme Analysis Extract enzymes, gel electrophoresis, [32,44,75]

DNA Fingerprinting

analyze

*All methods involve gDNA extraction and PCR amplification

Vanilla Fingerprinting

Southern blot, analyze

[50,52,78,85]

RFLP Digestion, Southern blot, analyze [50,85,127]
AmpFLP Digestion, adapter ligation, 2*PCR, gel [50,51,85,
electrophoresis, analyze 127]

STR Capillary electrophoresis, analyze [25,34,105,
120,126,128]

SNP Capillary electrophoresis, analyze [25,105,120,
123,125]

mtDNA Sequence, analyze [121,122,126]

Cell Morphology

Tracking Traits
New Techniques

Investigation-dependent

[112,119,126]

Aggregation-Induced Treat cells with nanomaterials, analyze [130]
Emission
Cytotoxicity Treat, analyze [129]
RNA-Seq Extract RNA, prepare library, [86,131]
sequence, analyze
NGS Extract DNA, prepare library, [138]
sequence, analyze
PUF Sequence, generate PUF matrix [139]
MALDI-ToF Mass Prepare cells, mass spectroscopy, [23]
Spectrometry analyze
Neural Network Image Collect images, analyze with model [140,141]

Analysis
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4.2. G-banding (Giemsa Staining)

Digesting cellular DNA with trypsin and applying Giemsa stain re-
sults in unique monochromatic patterns that vary in band density, value,
and location [30,35]. It is one of the most popular staining techniques.
Highly similar banding patterns may indicate a shared origin but
different lineages [31].

4.3. Spectral karyotyping (“SKY”)

Gene-specific fluorescent “SKY” probes are bound to chromosomes,
creating a polychromatic karyotype. This simplifies visual analyses [37].
SKY is an advanced form of fluorescent in situ hybridization (“FISH”)
and can be used for determination of ploidy, detection of difficult
marker chromosomes, and identification of genetic changes [31,35,78].

4.4. Antibody-antigen reactions and fluorescent antibody staining

Antigen-antibody reactions can only positively detect cells, but they
are sensitive to contamination > 0.1% of a culture [31,78]. Antibodies
targeting species-specific antigens are attached to probes for fluorescent
staining [55,98,99]. HL-A typing is also popular. It has been historically
recommended these methods be used with other technologies for
interspecies tests because they may yield false negatives [31].

4.5. Isoenzyme and allozyme analysis

The electrophoretic mobilities of chosen enzymes from a given cell
are used to generate a unique gel banding pattern that can generally
detect contamination affecting > 5-10% of the culture population [24,
31,78,97]. Enzymes can be further described through colorimetric
staining, pH preferences, substrate specificities, inhibitor responses, and
thermostabilities [31,78]. Allozyme analysis focuses on the alleles of a
single enzymatic gene, whereas isoenzyme analysis targets different
enzymatic genes that perform the same task [18,30,68].

4.6. DNA fingerprinting (RFLP, AmpFLP, SNP, barcodes, STR)

DNA hybridization techniques have been applied in the forensic and
biological sciences since 1985 [71,100]. Early fingerprinting targeted 15
base pair polymorphic regions called minisatellites or variable number
of tandem repeats (“VNTRs”), while current techniques target STRs or
microsatellites where the repeat unit is typically 5 or fewer base pairs
[78,100]. DNA Fingerprinting may have difficulty discriminating be-
tween closely-related cells, but it can detect contamination between
human cell lines when it composes > 5% of a culture [31,97]. Alter-
natives surveying single nucleotide polymorphisms (“SNPs”) (detects
contamination > 3%), the cytochrome c¢ oxidase I gene (reveals
contamination > 1%), and other selected genes have been explored, but
they have not gained traction because of inherent sampling volume re-
quirements and intraspecies limitations [97,101-108]. RFLP, AmpFLP,
and STR profiling have all been popular, but high-loci STR assays have
prevailed as the current institutional technique [21,36,78,79,109,110].
The American National Standards Institute based its current authenti-
cation protocol, ANSI-0002, on STR because of the low cost, high
discrimination power, and customizability. Many of the traditional
limits of STR-based methods are solved by increasing the number of
sampled loci [10,111].

4.7. Machine learning
Machine learning approaches to cell characterization may rely on

data generated from microfluidics systems, labeling technologies (fluo-
rescent probes and chemical stains), or a variety of microscopy
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Table 2
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Examples of purchasable STR Solutions. STR is the authentication standard; purchasable STR solutions are listed to ease adoption.

Purchasable STR Solutions

Technique Organization External Academic Cost Academic, For-Profit, Category (In-House Kit, Mail Service,
(Per Sample) Nonprofit Machine)
STR (18 Loci) ATCC $203.00 Nonprofit Mail Service
STR (Setting Up In-Lab) Promega $66,000-$72,000* For-Profit Capillary Electrophoresis Machine
(Spectrum Compact CE)*
STR (Setting Up In-Lab) Promega $3.50 For-Profit Capillary Electrophoresis Machine
Consumables
CLA GlobalFiler™ PCR ThermoFisher $6,270.00 For-Profit Kit
Amplification Kit
Cell Line Authentication Eurofins $108.36 For-Profit Mail Service
Barcodes
STR (24 Loci) The University of Utah $91.50 Academic Mail Service
STR (16 Loci) ECACC $159.81 Nonprofit Mail Service
STR (9 Loci) The University of Illinois at Urbana- ~ $65.00 Academic Mail Service
Champaign
STR (18 Loci) Johns Hopkins $140.00 Academic Mail Service
STR (16 Loci) Northwestern University $106.25 Academic Mail Service
STR (16 Loci) The University of Arizona $66.00 Academic Mail Service

" Cost for the Capillary Electrophoresis Machine, rather than per sample

techniques [112-115]. Algorithms are tasked with cell “segmentation,
tracking, and classification” [116,117]. The computational identifica-
tion and sorting of cells has been used to distinguish between cancerous
and noncancerous cells, stem cells, types of red and white blood cells,
and cells of different states [118-123]. Tracking cell doubling times or
growth rates, passage numbers, phenotypes, and other properties can
give insight into whether a culture is impacted by CCCM [101,124]. As
evidenced by these use-cases, machine learning methods may be
potentially helpful for CCCM-related applications.

4.8. Other techniques

Chemical approaches to cell authentication involving aggregation-
induced emission and the comparison of ICsq cytotoxicity values have
been recently explored [125,126]. Expression profiling by RNA-seq has
been able to correctly identify cell lines and estimate
cross-contamination [127,128]. Research Resource Identifiers
(“RRIDs”) have been shown to decrease CCCM [88,129,130]. Combined
with recently developed intra-lab cell versioning software and accepted
verification technologies (i.e., STR profiling), RRIDs could potentially
improve tracking of a given line’s usage [131-133]. Intact cell
MALDI-ToF mass spectrometry—normally used for the clinical recog-
nition of bacteria—has been successfully harnessed to distinguish
drug-adapted sublineages from their parental lines [8]. Authentication
experiments with Next-Generation Sequencing (“NGS”) have shown
extremely high accuracy, even in lines derived from the same parent
[134].

4.9. Genome editing

Genome editing innovations primarily driven by CRISPR technolo-
gies [135-140] are driving a paradigm shift in molecular bioscience.
Engineered cell lines are now easily produced from a single parent clone,
increasing the need for methods for provenance attestation and the
protection of intellectual property rights [141-143]. Such cell lines are
becoming a significant portion of the bioeconomy, with the global
economic impact of bio-based products, services, and processes pre-
dicted to reach up to $4 trillion annually [144].

This rapid development is similar to how the advent of the integrated
circuit (“IC”) drove an explosion of applications for computing. There,
counterfeit versions created a need for source attestation [145], which
was addressed through the discovery of physical unclonable functions
(“PUFs”). Silicon PUFs exploit the inherent stochasticity in semi-
conductor manufacturing [146]. Similarly, biological PUFs exploit

genetic differences in the process of engineering cell lines to provide
robust, unique, and irreproducible identifying signatures of cells [147].
PUFs can decrease the accidental use of misidentified or counterfeit cell
lines and make the intentional production of counterfeit lines more
difficult, reducing CCCM, protecting consumers by ensuring cell line
quality, and securing commercial cell products against illegal duplica-
tion and sale. Technologies such as STR profiling, karyotyping, and
barcoding do not meet the needs of fledgling procurement networks
because they do not exhibit the three requisite attributes for source
attestation: robustness, uniqueness, and unclonability [134].

5. Economic and global impact

The ramifications of CCCM extend beyond the scientific community,
and include wasted resources and questionable validity of numerous
studies. A stark illustration of this economic burden is the revelation that
the National Institutes of Health (“NIH”) may have allocated approxi-
mately $100 million to research involving the misidentified cell line
NCI/ADR-RES. Given an average NIH grant of $370,000 for breast
cancer research, an estimated $100 million has been spent on NCI/ADR-
RES alone [10,36]. In a broader context, $114.8B was spent on life
sciences research in the United States in 2012, with $56.4B going to
preclinical research. Assuming a charitable 51% irreproducibility rate,
Freedman, et al. estimated that at least $28B is spent annually on faulty
work [148]. Even a 25% reduction of this waste could rescue billions of
USD in funding [148].

The repercussions of utilizing misidentified cell lines are not trivial.
In 2021, Korch and Capes-Davis evaluated the research and economic
impacts of CCCM by focusing on the HEp-2 and INT407 cell lines [2].
These lines, known to be misidentified since the 1960s, were used in
8497 articles published on HEp-2 and 1397 articles on INT407. 37% of
the HEp-2 articles ascribed an incorrect origin to the cell line, with the
number of manuscripts growing by 250 per year. A single lab published
2.65% of this work. Although they ceased using the line after being
alerted, none of their articles were retracted or labelled with alerts. The
lab’s publications received an average of 32.7 citations each, meaning
that 45,682 papers were built upon their incorrect information [2]. The
INT407 “mean citations” metric was also used to calculate that 277,852
manuscripts were impacted by HEP-2. This represents an enormous
waste of resources: if it is “assumed that each article [using the two
lines] was cited 15 times ... the cost could be as high as $14.8 billion”
[2]. Korch and Capes-Davis cited data from Horbach and Halffman’s
2017 report to estimate that literature based on the 255 entries in the
ICLAC Register of Misidentified Cell Lines produced a cost of $3.28
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billion for primary publications and $50 billion for secondary publica-
tions [2,3,149].

The challenge of CCCM is not limited to the United States. China
exemplifies the international dimension of this issue. A member of the
World Federation for Culture Collections (“WFCC”) since 1987 [104,
150], it has made bioeconomic development a strategic priority,
promising to advance research areas that necessitate cell line usage
[151,152]. With the highest annual output of scientific articles, the
prevalence of CCCM in Chinese research is particularly concerning.
China became the world’s largest annual producer of scientific research
by volume in 2016, publishing 426,000 articles that year. A 2015 STR
profile of 380 samples from 113 independent labs uncovered a 25%
(95/380) CCCM rate [153]. More than three quarters of the lines
established in China were misidentified [153]. Two years later, a 21-STR
evaluation of 278 lines originating from 28 Chinese sources found a
CCCM rate of 46% (128/278); 22 of the sources had contributed
contaminated lines [104]. Again, the CCCM rate among Chinese-derived
cell lines was much higher: 73.2% (52/71) [104]. A 2017 review of 482
human tumor cell lines used in China showed a total 20.5% CCCM rate,
the majority of which was intraspecies contamination [124]. The au-
thors highlighted the case of the cell line ECV304, which was initially
derived in 1990. ECV304 was identified as T24 human bladder carci-
noma cells in 1999. Almost 70% of ECV304 publications were contrib-
uted by Chinese labs from 2004-2017 [124]. This trend is not limited to
ECV304 [T24]; as Chinese-language publications using HEp-2 [HeLa]
cells decreased, English-language ones steadily increased, from 7.7% in
2000 (1/13) to 76% (38/50) in 2017 [149]. 83.1% of HEp-2 [HeLa]
literature in the MEDLINE database prior to 2018 was written by re-
searchers in Chinese labs [149]. The Chinese Center for Type Culture
Collection (“CCTCC”) reported a CCCM rate of 33.6% in samples that it
authenticated over the period 2010-2019 [154]. The incidence of pri-
mary CCCM dropped from 85.5% to 54.1%; the highest authenticity rate
was observed in corporate scientific settings (74.7%), followed by uni-
versities (62.2%) and hospitals (51.8%) [154].

The economic stakes are underscored by comparisons to national
budgets and nonprofit funding. For instance, the combined 2022 NIH
budget for cancer and cancer genomics was $8.86 billion USD [155]. A
conservatively estimated 22.9% rate of papers touched by CCCM-related
issues means that $2.03 billion was invested in possibly-questionable
research [11]. The American Cancer Society (“ACS”), the largest can-
cer nonprofit in the United States, distributed $145 million USD in
research grants that year, making one year of potential US CCCM
equivalent to nearly fourteen years of ACS awards [11,156].

Overall, these gaps in understanding and practice highlight the need
for international efforts to raise awareness, inform professionals, assess
adherence to guidelines, and ultimately enhance the legitimacy of global
scientific research. To address this pressing issue, it is vital that the
scientific community adopts more rigorous authentication methods,
increases transparency, and improves the dissemination of critical in-
formation. The implementation of international standards and the
strengthening of collaborative networks, such as the International Cell
Line Authentication Committee (“ICLAC”), are crucial steps toward
mitigating the economic and reputational consequences of CCCM.

6. Final considerations and recommendations

As we navigate the complex landscape of cellular cross-
contamination and misidentification, it is clear that despite half a cen-
tury of awareness, the problem persists. The experiences of pioneers like
Dr. Jonas Salk and organizations such as the National Cancer Institute
underscore a sobering reality: no laboratory is immune to this issue.
With the rapid advancement of genetic editing technologies and the
corresponding increase in engineered cell lines, the stakes are higher
than ever. Authenticating these lines is critical not just for the integrity
of experimental data, but also for protecting the burgeoning intellectual
property they represent, which is integral to a bioeconomy projected to
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reach $4 trillion annually in the coming decade. The challenge of CCCM,
while daunting, is not insurmountable. To make meaningful progress, a
multifaceted approach is essential:

6.1. Stricter enforcement and accountability

e Scientific journals must enforce stringent authentication man-
dates. While many papers have called for this, broader adoption
and stricter enforcement are imperative.

Funding agencies should implement robust regulations to ensure
that grants are allocated to projects with verified cell lines,
prioritizing the reproducibility and reliability of research.

6.2. Best practices and quality control

Researchers must rigorously authenticate cell lines at the start and
end of each study, and regularly thereafter, ideally biannually.

e Acquisition of cell lines should be from reputable sources, with
clearly documented authentication data to avoid the use of mis-
identified lines.

Researchers should authenticate cell lines from collaborators upon
receipt and may consult the resources presented in Table 3 while
doing so.

6.3. Community engagement and correction mechanisms

e The community should encourage voluntary retractions and the
issuance of corrigenda for published works based on misidentified
cell lines, fostering a culture of accountability and transparency.
National surveys and audits should be conducted, especially in
countries with significant contributions to biological research, to
assess and address the prevalence of CCCM.

6.4. Technological innovation and data sharing

STR profiling remains the gold standard for cell line authentica-
tion. Creating a comprehensive database of high-loci STR profiles
will enhance the effectiveness of this method, allowing for broader
and more accurate screenings.

e Advanced solutions like image-based culture identification and the
use of genetic Physical Unclonable Functions (“PUFs”) should be
explored for their potential to revolutionize cell line
authentication.

The scientific community must unite to enforce global authentication
standards, which will not only conserve funding but also foster the
growth of the bioeconomy. By doing so, we preserve the integrity of the
scientific profession and enhance the reproducibility of research,
thereby reinforcing public trust in science. The concerted effort to
reduce CCCM to a stringent threshold will be a testament to our
commitment to scientific excellence and the unwavering pursuit of
truth. As we stand on the cusp of a new era in biological research, our
actions now will set a precedent for generations of scientists to come.
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Table 3
CCCM resources.

CCCM Resources

Resource Description Link

Organizations

ATCC American Type Culture https://www.atcc.org
Collection

CCTCC China Center for Type http://cctec.whu.edu.cn
Culture Collection

CICR Chinese National http://www.cellresource.cn
Infrastructure of Cell Line
Resource

CIMR Coriell Institute for Medical ~ https://www.coriell.org
Research

DSMZ German Collection of https://www.dsmz.de
Microorganisms and Cell
Culture

ECACC European Collection of https://www.culturecollectio
Authenticated Cell Cultures  ns.org.uk

ICLAC International Cell Line https://iclac.org
Authentication Committee

JCRB Japanese Collection of https://cellbank.nibiohn.go.jp
Research Bioresources

NCBI National Center for https://www.ncbi.nlm.nih.
Biotechnology Information gov

NIST National Institute of https://www.nist.gov
Standards and Technology

NSTI Chinese National Science https://www.escience.org.cn
and Technology
Infrastructure

RBCCB Riken Bioresource Center https://web.brc.riken.jp
and Cell Bank

WEFCC World Federation for Cell https://wfcc.info

Cultures
Databases and Tools

ATCC STR Search STR Profile Analysis

AuthentiCell Orderable STR Kits
CCLA RNA-Seq Authentication
Tool
Cellosaurus Cell Line Database
CLASTR STR Search Tool
CLIMA STR Search Tool
DSMZ STR Search Tool
ICLAC Register of Misidentified
Cell Lines
NCBI Biosamples Biological Source Material
Database
RRID Initiative RRID Database
STRBase STR Database
Best Practices and Literature
ANSI ASN- Standardized STR Protocol
0002-2022
ICLAC Guide Guide to Human Cell Line
(2014) Authentication
STR Interpretation Guide to Cell Line
Guidelines Authentication by STR
Bibliographic Further Reading (GLP, Cell
Resources Culturing)

https://www.atcc.org/search
-str-database/str-profiling-ana
lysis
https://www.culturecollect
ions.org.uk/services/authent
icell
https://bioinfo.life.hust.edu.
cn/web/CCLA
https://www.cellosaurus.org
https://www.cellosaurus.
org/str-search
https://bioinformatics.hs
anmartino.it/clima2
https://celldive.dsmz.de/str
https://iclac.org/databases/c
ross-contaminations
https://www.ncbi.nlm.nih.
gov/biosample
https://scicrunch.org/resourc
es

https://strbase.nist.gov

https://webstore.ansi.org/s
tandards/atcc/ansiatccas
n00022022
https://iclac.org/wp-content
/uploads/Authentication-
SOP_09-Jan-2014.pdf
https://www.ncbi.nlm.nih.
gov/books/NBK144066
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