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At a June 2015 retreat to plan for the transition of the Journal of Investigative
Dermatology (JID) from Nature Publishing Group to Elsevier effective January
2016, those responsible for assuring an optimal online platform and broad
readership relevance confer regarding expanded use of social media and
possible embellishments for the Research Techniques Made Simple (RTMS)
article series that are the cornerstone of the JID Connector. Clockwise
from the bottom center (seated) are Barbara A. Gilchrest, MD, JID Editor in
Chief; Kavitha Reddy, MD, JID Connector Editor; Mary Boyd, JID Connector
Marketing; Elizabeth N. Blalock, JID Managing Editor; George Woodward,
Publisher, Elsevier; Jodi L. Johnson, PhD, RTMS Associate Editor; and Cynthia
Clark, Director, Digital Journals, Elsevier. Present via speaker phone is Rolf
Kwakkelaar, Senior Content Innovation Manager, Elsevier. Photograph and
retreat arrangements courtesy of Marcelo Pereira da Silva, Cutaneous Biology
Research Center, Department of Dermatology, Massachusetts General Hospital.

editorial

Coming of Age

T

his volume contains year 3 (October
2014 to September 2015) of the Research
Techniques Made Simple (RTMS) articles.
Since 2012, the monthly RTMS installments
have assumed a position of some prominence
in dermatologic education, reaching a large
portion of dermatology residency programs and
research groups. The articles provide a wide
range of trainees with clear explanations and
sample applications of sophisticated laboratory
assays, statistical methods, and genetically engineered animal models. Over the past year, RTMS
articles have been among the most soughtafter online material offered by the Journal of
Investigative Dermatology, ranking 1, 4, and 10
among all JID article downloads. Whether incorporated into journal clubs or accessed as needed
while reading the literature, the articles appear
to inform a wide range of readers about the tools
of modern science.
The past year has also seen a maturation of
the RTMS infrastructure, with recruitment of
new authors and a new Associate Editor, Jodi
Johnson, PhD, Research Assistant Professor in
the Departments of Pathology and Dermatology
at Northwestern University (see the following
Editorial). Interested in medical education and
information transfer as well as the art of medical
writing, Dr Johnson brings to the task her three
years of experience directing the Society for
Investigative Dermatology PhD Trainee Retreat

at the Annual Meeting. Her solid research background complements these interests as well as
those of RTMS Editor Arlene Ruiz de Luzuriaga,
a clinician–educator at the University of
Chicago. Finally, the JID’s imminent transfer to
Elsevier, our new publisher, promises to expand
our technical capacities, enabling, for example,
videos of investigators performing assays or providing live demonstrations of techniques, such
as in vivo imaging. This and much more awaits
readers of future RTMS articles!
RTMS articles are the cornerstone of the JID
Connector, a collection of online-only, freely
available educational features. The Connector’s
goal is to engage trainees and clinicians in the
excitement of current dermatology research. We
are confident that RTMS articles can provide
the vocabulary and basic knowledge required
to understand even the most sophisticated studies. However, because active learning is always
the most effective approach, it is hoped that you,
our reader, will consider volunteering to serve
as an RTMS article coauthor or as a Connector
Ambassador, helping to ensure the scientific
literacy of dermatologists. Please contact us at
jidconnector@sidnet.org with your questions,

comments, and ideas for further enhancing the
JID Connector.
Barbara A. Gilchrest, MD
Editor

Journal of Investigative Dermatology (2015) 135, 1.
doi:10.1038/jid.2015.256
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editorial

Communication Is Key

T

he things I love most about the scientific
enterprise are that it is carried out on a
global playground, there is no limit to
the number of important questions that can
be asked, and each individual’s unique background, creativity, approach, and ideas add
value to the discussion. However, to effectively
communicate ideas across continents, academic
departments, and subspecialties, common language must be used. One reason I was excited
to take on a new role as Associate Editor of the
Journal of Investigative Dermatology’s Research
Techniques Made Simple (RTMS) articles is that
the outstanding collection published to date can
be considered akin to a foreign-language crash
course, allowing readers to quickly gain communication tools to facilitate translational and
team science. I welcome the chance to bring my
ideas to this table.
Since 2012, I have had the honor of chairing the program committee for the Society for
Investigative Dermatology’s PhD Trainee Repeat,
which takes place side by side with the Resident
Retreat for Future Academicians in conjunction with the Annual Meeting. In addition to
focusing on topics pertaining to career development for both clinicians and basic scientists, one yearly highlight is a Multidisciplinary
Team Exercise that brings together participants
from both retreats, grouped according to key
words from their application materials describing their research emphasis. The purpose of the
exercise is to flesh out a common, collaborative research goal in about an hour, involving
all 8–10 members of the group. Each year, as a
Faculty Facilitator for this exercise, I have asked
each of the participants around my table to take
1 minute to describe their training and current
research questions. Each year, residents introduce patient-directed research questions, a postdoctoral fellow invariably describes a mouse

model of disease, and a PhD student details a
cell signaling pathway, often using acronyms to
name their favorite proteins. I look around the
table at body language and facial expressions
and see that communication has already broken down. It is then my job to quickly ask questions, allowing each participant to reframe their
description into something all participants can
understand. People’s passions come to light,
novel ideas are generated, effective communication is restored, and every year, by the end
of the exercise, we have come up with a common research goal. Participating in this team
exercise to derive hypothetical common projects has prepared me to twice do the same thing
with cross-specialty teams in real life. I have
collaborated across continents, with clinicians,
and with other scientists who approach research
questions using entirely different techniques
than I do. Thus far, these endeavors have netted
approximately $150,000 in grant funding for
collaborative research. Communication is key.
The 36 RTMS articles published to date form a
tremendous compendium that I read all together
upon accepting the Associate Editor assignment.
Doing so made me wish that these articles had
existed 15 years ago when I first entered the
world of dermatology research. I am a molecular and cellular biologist by training, so reading the RTMS articles highlighting more clinically focused techniques gave me new language
tools for my next collaborative conversation.
Article topics range from basic molecular techniques such as polymerase chain reaction and
gene silencing to cellular techniques including
microscopy, identification and use of stem cells,
and flow cytometry, to animal models of human
disease such as zebrafish and transgenic mice, to
diagnostic clinical tests such as cytokine assays,
to ways to effectively search a patient database
or critically evaluate a clinical trial. Each article

Journal of Investigative Dermatology (2015) 135, 2–3.
doi:10.1038/jid.2015.257
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is written in language understandable to even trainees just
beginning to think about their own research questions. Bullet
points highlight pros and cons, allowing the reader to quickly understand what questions can and cannot be answered
using each technique. A fun quiz enables readers to ensure
that they have mastered the information. Furthermore, each
article is accompanied by a PowerPoint presentation, allowing students to become teachers.
As the new Associate Editor of the RTMS project, I am
eager to lend a hand to the continued formation of these
valuable articles in the coming years. Just as there is no end
to the important questions that can be asked in science, there

© 2015 The Society for Investigative Dermatology

is also no end to the innovative techniques constantly developed to address those questions. Scientific literature is rapidly transforming as new fields of study are born, and researchers would be wise to become and remain well versed in as
much of the language used to conduct research as possible.
Fluency in the language of science will strengthen translational and team research, allowing each unique individual
to effectively communicate their own valuable ideas across
the communication continuum that fuels the scientific enterprise.
Jodi L. Johnson PhD
RTMS Associate Editor

www.jidonline.org
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Evaluating the Strength of Clinical Recommendations
in the Medical Literature: GRADE, SORT, and AGREE
Mayra Buainain de Castro Maymone1, Stephanie D. Gan2 and Michael Bigby3
Journal of Investigative Dermatology (2014) 134, e25. doi:10.1038/jid.2014.335

The medical community relies on scientific evidence to
guide clinical practice. Evidence from systematic reviews,
randomized controlled clinical trials (RCTs), case–control or
cohort studies, observational studies, and expert opinions are
used to make disease-specific practice recommendations.
More than 100 grading systems are used to rate the strength
of these recommendations (West et al., 2002). A centralized
and transparent method for evaluating and comparing these
studies with the goal of translating evidence-based medicine to clinical practice guidelines is the cornerstone of two
such validation scales: the Grading of Recommendations
Assessment, Development, and Evaluation (GRADE) and
Strength of Recommendation Taxonomy (SORT).
In the GRADE system, one frames a question, chooses
critical and important outcomes by which to judge the existing body of evidence, rates the quality for each outcome, and
finally decides on the direction (for or against) and strength
(strong or weak) for the recommendation considered. The
SORT method is a simpler rating scale that judges the study
quality and strength of recommendation based on patient-oriented evidence (Table 1). Whereas GRADE and SORT evaluate
the body of evidence to establish sound guidelines, the AGREE
(Appraisal of Guidelines Research and Evaluation) instrument
provides a framework for assessing the quality of development
of clinical practice guidelines. AGREE is a generic instrument
that provides an assessment of the validity and likelihood that
the stated guideline will achieve its outcome.
GRADING OF RECOMMENDATIONS ASSESSMENT,
DEVELOPMENT, AND EVALUATION (GRADE)

The GRADE international group is composed of guidelines
developers, systematic reviewers, clinicians, public health officers, researchers, methodologists, and other health professionals from around the world (Mustafa et al., 2013). The GRADE
approach has been adopted by more than 65 organizations
worldwide, including the World Health Organization, the
US Centers for Disease Control and Prevention, the Cochrane
Collaboration, and the American College of Chest Physicians,
and it has become an international standard for guideline
development (Guyatt et al., 2013).
The GRADE process begins with asking a clinically relevant, well-designed clinical question composed of four

ADVANTAGES and LIMITATIONS
GRADE
• Adopted by more than 65 organizations worldwide
as an international standard for guideline
development.
• Explicitly evaluates relevant outcomes and
considers risks, benefits, patient expectations, and
resource utilization in reaching recommendations.
• Using GRADE is difficult and requires expertise in
statistics.
SORT
• Adopted by the American Academy of
Dermatology.
• Simple and easily applied by authors and
physicians.
• Advocates the use of patient-oriented rather than
disease-oriented outcomes.
• Overly simplified instrument that is not applied
internationally.
AGREE
• Validated instrument that assesses the quality of
guideline development.
• Assesses six domains in guideline development:
scope and purpose, stakeholder involvement,
rigor of development, clarity and presentation,
applicability, and editorial independence.

elements: a patient, problem, or population; an intervention;
a comparison intervention; and an outcome. The second step
in the GRADE system is to gather the best evidence to answer
the question. The third step is assessing the quality of evidence and the confidence in the estimates of the treatment.
The fourth step evaluates the trade-off between risks and
benefits, reflecting the best assessment of patients’ perspec-

Department of Dermatology, Boston University School of Medicine, Boston, Massachusetts, USA and 2Department of Dermatology, Harvard Medical School
and Beth Israel Deaconess Medical Center, Boston, Massachusetts, USA

1

Correspondence: Mayra Buainain de Castro Maymone, 609 Albany Street, J-209, Boston, Massachusetts 02118, USA. E-mail: mayrabcm@bu.edu

4

Journal of Investigative Dermatology (2014), Volume 134

© 2014 The Society for Investigative Dermatology

research Techniques made simple 

Table 1. Comparison between GRADE and SORT with regard to the strength of recommendation and the quality of evidence

GRADE

Strength of recommendation
Strong for = benefits outweigh risks
of the intervention

Quality of the evidence
High quality = further research is very
unlikely to change our confidence in the
estimate of effect

Strong against = risks outweigh benefits
of the intervention
Weak = most informed people would choose this
recommendation but a substantial number would
not (risks and burdens finely balanced)

Moderate quality = further research is likely
to have an important impact on our confidence in the estimate of effect and may
change the estimate
Low quality = further research is very likely
to have an important impact on our confidence in the estimate of effect and is likely
to change the estimate

SORT

Very low quality = any estimate is very
uncertain
Level 1 = good quality, patient-oriented

A = based on consistent and good quality
patient-oriented evidence
B = based on inconsistent or limited quality
patient-oriented evidence

Level 2 = limited quality, patient-oriented

C = based on consensus, usual practice, opinion,
disease-oriented evidence or case series

Level 3 = other evidence (usual practice,
opinion, disease oriented evidence)

tive of the evidence before making the final recommendation
(Guyatt et al., 2013) (Figure 1).
The study design determines the initial quality of evidence
rating. RCTs start as high-quality evidence, whereas observational studies begin as low-quality evidence. This ranking can
be upgraded or downgraded based on specific factors that
can affect the quality of evidence. Factors that can lower the
quality of evidence include study limitations, inconsistencies
in the results, indirectness of evidence, imprecision in the
estimates, and publication bias. The rating can be upgraded
if the study shows the presence of a dose–response effect or a
large magnitude of the estimated effect.
After assessing all the domains, the body of evidence per outcome is categorized as high (++++), moderate (+++), low (++),
or very low (+) (Mustafa et al., 2013). The quality of evidence
rating is summarized in the Evidence Profile (EP) table, which
includes an explicit judgment of each factor that determines the
quality of evidence. Table 2 is an example of a transparent and
concise way of showing the guideline panel judgments about
the domains. It also contains the Summary of Findings Table
(SoF). The SoF is a quantitative assessment of the confidence
in the estimates of effects (i.e., relative risk), without a qualitative judgment of the evidence rating that is provided in the EP
table. The EP and the SoF tables serve different purposes and are
directed toward different audiences. EP are intended for review
authors and anyone who questions a quality of assessment. SoF
are designated for a broader audience, such as users of systematic review and guidelines (Guyatt et al., 2011).
The fourth step of the process is assessing the values and
preferences of the target population regarding their beliefs
© 2014 The Society for Investigative Dermatology

and expectations for their health and life. This step refers to
the process in which individuals weigh the potential benefits,
harms, costs, limitations, and inconveniences of treatment
options in relation to one another. With this information, the
panel is more equipped to accurately define the trade-off
between the benefits (desirable outcome) and risks (undesirable consequences) for a particular intervention. Ideally,
“the panel” (guideline developers) will conduct a systematic
review summarizing relevant studies regarding the patient’s
values and preferences. The greater the variability or uncertainty in values and preferences, the more likely a weak recommendation is warranted (Andrews et al., 2013).
The overall strength of recommendation is based on the
balance of risks and benefits, the quality of evidence, the
values and preferences of the patients, and costs required
for the treatment. Each component is given equal weight
in relation to the other components. This strength of recommendation ranges on a continuum of categories from
“strongly for” to “strongly against” the intervention (Table
1). If the panel is highly confident of the balance between
desirable and undesirable consequences, they make a
strong recommendation for (desirable outweighs undesirable) or against (undesirable outweighs desirable) an intervention (Andrews et al., 2013).
Guideline panels may also choose to make special recommendations when there is insufficient evidence, for example,
an “only-in-research” recommendation. This recommendation is used when further research may reduce uncertainty
about the intervention and further research is considered of
good value for the anticipated costs. Alternatively, the panel
www.jidonline.org
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may decide not to make recommendations for or against a particular strategy if they find the strength in the estimate is too
low, the trade-off between risks and benefits is too close, or
values, preferences, and resource implications are not known
(Andrews et al., 2013). The main limitation for using GRADE is
that it is a complex methodology with a steep learning curve.

1. Framing the questions
Using PICO (patient/intervention/comparator/outcome)

2. Treatment effects
Summary of best available evidence, focusing on critical outcomes

STRENGTH OF RECOMMENDATION TAXONOMY (SORT)

SORT was developed by the editors of U.S. Family Medicine
and Primary Care journals and the Family Practice Inquiries
Network as an initiative to construct a unified taxonomy that
allows authors to rate individual studies or bodies of evidence (Ebell et al., 2004). The SORT approach is the main
methodology that the American Academy of Dermatology
utilizes in its guideline development process.
The SORT process addresses the quality, quantity, and
consistency of evidence, and it emphasizes the use of
patient-oriented outcomes that measure changes in morbidity or mortality (Ebell et al., 2004). The expert panel reviews
the bodies of evidence for each of the recommendations and
assigns a strength of recommendation on a scale of A through
C. For example, consistent and good-quality evidence for
treatment at an A-level rating would include a systematic

3. Quality of evidence
Assessment of confidence in the estimate of treatment effect

4. Trade-off between benefits and risks
(Values and preferences)

5. Recommendation
(Estimate of effect, confidence estimate and the patient perspective)

Figure. 1. The GRADE process. Adapted with permission from Guyatt et al.,
2013.

Table 2. Evidence to recommendation framework
Question/recommendation: Should pulmonary rehabilitation vs. usual community care be used for COPD with recent exacerbation?
Population: Patients with COPD and recent exacerbation of their disease
Intervention: Pulmonary rehabilitation vs. no rehabilitation
Setting (if relevant): Outpatient
Dec i s i on domai n

Judgment

Reas on for j udgment
The desirable consequences are substantial (including
substantial reduction in hospitalization, small but
important reduction in mortality, and improvement
in quality oflife that exceeds the minimal important
difference) and valued highly. The undesirable
consequences, inconvenience, and burden are
relatively minor and associated with minimal
disutility.

Balance of desirable and undesirable
outcomes
Given the best estimate of typical values and
preferences, are you confident that the
benefits outweigh the harms and burden or
vice versa?

Confidence in estimates of effect (quality of
evidence)
Is there high or moderate quality evidence?

Values and preferences
Are you confident about the typical values
and preferences and are they similar across
the target population?

Resource implications
Are the resources worth the expected net
benefit from following the
recommendation?

Overall strength of recommendation

Evidence to recommendation synthesis

There is moderate-(mortality, function, and quality-oflife outcomes)-to-high (hospitalizations) quality
evidence for the desirable consequences, and quality
evidence for the undesirable (burden)
We can be confident that patients place a high value
on avoiding hospitalizations and mortality as well as
improving quality oflife and a low value on avoiding
the inconvenience associated with rehabilitation.
We can be confident that these values vary little among
patients with chronic respiratory disease.
There are resources required to provide pulmonary
rehabilitation but these are balanced by decreased
resource needs as a result of decreased
hospitalizations and net cost is well worth it given the
desirable outcomes.

S ubdomai ns i nfluenc i ng j udgment
Baseline risk for desirable and undesirable outcomes:
Is the baseline risk similar across subgroups?
Should there be separate recommendations for
subgroups?
Relative risk for benefits and harms:
Are the relative benefits large?
Are the relative harms large?
Requirement for modeling:
Is there a lot of extrapolation and modeling required
for these outcomes?
Typical values:
What are the typical values?
Are there differences in the relative value of the
critical outcomes?
Confidence in estimates of benefits and downsides,
confidence in estimates of resource use. Consider all
critical outcomes, including the possibility that some
may not be measured.
Key reasons for rating evidence down or rating up

Source of typical values (panel or study of general
population or patients)
Source of estimates of variability and extent of variability
Method for determining values satisfactory for this
recommendation

What are the costs per resource unit?
Feasibility:
Is this intervention generally available?
Opportunity cost:
Is this intervention and its effects worth
withdrawing or not allocating resources from
other interventions
Differences across settings:
Is there lots of variability in resource requirements
across settings?
Strong
The guideline panel recommends that patients with recent exacerbations of their COPD undergo pulmonary
rehabilitation (Note: this is a hypothetical recommendation developed for this article and not intended for
clinical decision making).
The moderate-to-high confidence in the moderate-to-large magnitude of effects on highly valued outcomes, and the moderate-to-high
confidence that undesirable outcomes are modest and their avoidance not highly valued suggest a strong recommendation.

COPD, chronic obstructive pulmonary disease.
Reprinted with permission from Andrews et al., 2013.
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review/meta-analysis with consistent results or a high-quality, large individual RCT.
An A-level recommendation is based on consistent and
good-quality, patient-oriented evidence. A B-level recommendation is based on inconsistent or limited-quality
patient-oriented evidence. A C-level recommendation
is based on consensus, usual practice, opinion, diseaseoriented evidence, or case series for studies of diagnosis,
treatment, prevention, or screening (Table 1). The main
limitation of SORT is that it is an overly simplified instrument that is not applied internationally.
APPRAISAL OF GUIDELINES RESEARCH AND EVALUATION
(AGREE)

Whereas GRADE and SORT evaluate the body of evidence to establish sound guidelines, the AGREE instrument assesses the quality of the development of clinical
practice guidelines. The quality of guidelines is based on
the confidence that potential biases have been addressed
adequately, that recommendations are both internally
and externally valid, and that they are feasible for practice. New or existing guidelines and updates of existing
guidelines may be appraised with AGREE. It is a validated tool with a 4-point numerical scoring system, ranging from 1 (representing strongly disagree) to 4 (strongly
agree). Scores reflecting inadequate quality are assigned
a score ≤2. This instrument can be applied to any disease
area, including those in diagnosis, health promotion, and
treatment.
AGREE is composed of 23 key items encompassed
within six domains. Each domain is intended to capture
a different dimension of the guideline quality: scope and
purpose, stakeholder involvement, rigor of development,
clarity and presentation, applicability, and editorial independence. The domain score is calculated by adding all
of the individual item scores in a domain and standardizing the total as a percentage of the maximum possible
score for that domain. Each domain score may be useful for comparing guidelines and will aid in the decision
whether to use that guideline. There is no set threshold for
the domain score by which to define a “good” or “bad”
guideline. Finally, an overall assessment is made as to the
quality of the guideline, taking each of the appraisal criteria into account and rating it as “strongly recommend,”
“recommend (with provisos or alteration),” “would not
recommend,” or “unsure” (AGREE Collaboration, 2001).
Recently, AGREE was modified to AGREE II. The purpose
of this updated version was to improve reliability, validity,
and supporting documentation. The newer version continues to have 23 items and six domains, whereas the rating
scale for each domain has become more detailed, using a
7-point rather than 4-point scale. Score 1 is assigned when
there is no relevant information; scores between 2 and 6
are given when the domain does not meet the full criteria;
and a maximum score of 7 is given to exceptional reports
(AGREE Next Steps Consortium, 2009).

© 2014 The Society for Investigative Dermatology

QUESTIONS
This article has been approved for 1 hour of Category 1 CME credit.
To take the quiz, with or without CME credit, follow the link under
the “CME ACCREDITATION” heading.

1. Factors that may decrease the strength of evidence
for randomized controlled trials (RCTs) in GRADE
include all of the following except
A. High likelihood of publication bias.
B. Inconsistency.
C. Large or very large treatment effect.
D. Indirectness of evidence.
2. Which of the following is false regarding AGREE?
A.	It is a method of grading the strength
of a recommendation.
B.	It can be applied to any disease of interest.
C.	It is an instrument that assesses the quality of the
development of clinical practice guidelines.
D.	It has no set threshold for the domain score by
which to define a “good” or “bad” guideline.
3. Which of the following is false about GRADE?
A.	It has been adopted by more than 65 organizations worldwide.
B.	It was developed by an international group
composed of guidelines developers, systematic
reviewers, clinicians, public health officers,
researchers, methodologists, and other health
professionals.
C.	It explicitly evaluates outcomes and sets forth
recommendations.
D.	It assigns strength of recommendations on a
scale of A through C.
4. Regarding the SORT process, all of the following are
true except
A.	It is a method for assessing patient-oriented
versus disease-oriented evidence.
B.	It is a complicated methodology that may be a
barrier for widespread use.
C.	It is simple and easily applied to daily practice
by authors and physicians.
D.	It assigns a strength of recommendations on a
scale of A through C and quality of the evidence
on levels 1 through 3.
5. The Evidence Profile table
A.	Provides a qualitative judgment of the evidence
rating.
B.	Is directed toward users of systematic reviews.
C.	Is part of the SORT process.
D.	Summarizes the values and preferences of the
target population.
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SUMMARY

The AGREE instrument has been applied towards the critical appraisal of clinical practice guidelines and adaptation
in evidence-based guidelines for “prevention of skin cancer”
by the German Guideline Program in Oncology. The rigorous inclusion criteria required by the AGREE instrument narrows the 480 citations related to the topic "prevention of skin
cancer" to only 12 studies. The strict criteria needed to be
fulfilled by the AGREE tool demonstrate that methodological
flaws are an important obstacle in the development of practical guidelines (Petrarca et al., 2013). The AGREE instrument
was also chosen as the appraisal tool for evaluation of quality
of clinical practical guidelines for treatment of psoriasis vulgaris, 2006-2009 (Tan et al., 2010).
GRADE and SORT are two methods of evaluating a body
of evidence and the quality of studies to create a comprehensive recommendation. The AGREE instrument is a validated
quantitative scoring method created to systematically assess
the quality of practice guidelines. Knowledge of these commonly applied grading systems is important for the informed
dermatologist and clinician to understand for clinical practice and guideline development.

SUPPLEMENTARY MATERIAL

A PowerPoint slide presentation appropriate for teaching purposes is available
at http://dx.doi.org/10.1038/jid.2014.335.
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Identifying the Stem Cell
Krisztian Nemeth1 and Sarolta Karpati1
Journal of Investigative Dermatology (2014) 134, e26. doi:10.1038/jid.2014.393

INTRODUCTION

Stem cell research is an exciting new field in all areas of
biology and medicine, including dermatology. First, we
explain the most important terms used in stem cell biology,
followed by a short summary of the techniques most commonly used to enrich and identify adult stem cells from
the skin (epidermal stem cells) and from the bone marrow
(hematopoietic stem cells (HSCs) and skeletal stem cells,
also known as mesenchymal stem cells (MSCs)).
BASIC TERMINOLOGY IN STEM CELL BIOLOGY
Stem cells

Stem cells are undifferentiated cells without any tissuespecific function that have the potential to differentiate into
certain tissues determined by their genetic and epigenetic
program. The most important feature of stem cells is their
ability to self-renew by asymmetric cell division, which
recreates the stem cell itself and another cell with more
restricted progeny and with limited proliferation and/or
differentiation potential.
Potency

Potency can be easily understood through embryonal
development. During embryonal life, the differentiation
potential of stem cells becomes more and more restricted.
Totipotent cells of the early embryo can build a complete organism as well as extraembryonal tissues such
as the placenta. Pluripotent stem cells exist in the inner
cell mass of the embryo and are capable of creating all
tissues in the body. Multipotent and unipotent stem cells
exist in the embryo as well as in postnatal adult tissues.
Multipotent stem cells can be found in the hematopoietic
and in the stromal compartment of the bone marrow;
the former produce blood lineages, whereas the latter
are responsible for creating connective tissue cell types,
such as adipocytes and osteoblasts. Finally, unipotent
stem cells can differentiate along only one lineage. Those
found in epithelial tissues replenish the epithelial cells of
the skin, gut, or airways.
Plasticity and transdifferentiation

During embryonal development, tissues develop from three
mesodermal layers: endoderm, mesoderm, or ectoderm.

STEM CELL IDENTIFICATION ASSAYS:
ADVANTAGES
• FACS-based separation: fast, relatively easy,
reproducible.
• Side population analysis: fast, easy, and reflects
functionality.
• Label-retaining assays: allow in situ detection
of stem cells.
• Functional assays: measure “real” stemness.

LIMITATIONS
• FACS-based separation: multiple antibodies can
affect viability and function of sorted cells.
• Side population analysis: reproducibility depends
on cellular functionality (viability, etc.).
• Label-retaining assays: only the H2B-GFP technique
allows isolation of living cells.
• Functional assays: complicated, serve only as
validation for other separation techniques.

An old dogma of stem cell biology is that stem cells isolated from a particular tissue can only renew and differentiate into cells of the same mesodermal lineage. This view
has been challenged by several studies demonstrating that
tissue-specific stem cells have the plasticity to cross lineage
restrictions and become cell types of other lineages; this
process is called transdifferentiation (Mezey et al., 2000).
Induced pluripotent stem cells

Terminally differentiated cells can be induced into pluripotency by a genetic manipulation that introduces a specific
combination of transcription factors into the cell. These
induced pluripotent stem cells (iPSCs) can become any
tissue-specific adult stem cell (Takahashi and Yamanaka,
2006). Details on iPSCs and their exciting potential are
presented by Dinella et al. (2014).
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Origin of stem cells

Depending on the tissue source, stem cells arise from a variety of places; accordingly, they are referred to as embryonic
stem cells, fetal stem cells, amniotic stem cells, cord-blood
stem cells, adult stem cells, and so on (Figure 1).
Distribution of adult stem cells: the stem cell niche

Stem cells are found in a special microenvironment called
the stem cell niche. This is a well-defined area in tissues
where stem cells reside and receive a unique combination of
extracellular signals directing them to maintain their “stemness,” that is, to preserve their stem cell characteristics.
A characteristic niche of epidermal stem cells is the socalled bulge region of the hair follicle, but they can also
be found in the interfollicular epidermis. Hematopoietic
stem cells are located either in close proximity to osteoblasts in the endosteal niche or around sinusoidal vessels
in the vascular niche within the bone marrow (Morrison
and Scadden, 2014). Mesenchymal stem cells reside within
the basement membrane of capillaries and postcapillary
venules and form a subpopulation of contractile perivascular cells called pericytes (Sacchetti et al., 2007) (Figure 2).

Figure 2. Localization of stem cells within the epidermis and the bone
marrow. (a) During normal conditions, epidermal renewal is dependent
on cell proliferation within epidermal proliferative units (EPUs), which are
clonal populations of cells roughly arranged in hexagonally shaped columns
that produce a single outer squame (cornified keratinocyte). Epithelial
stem cells in the hair follicle bulge do not contribute to epidermal renewal.
(b) Following full-thickness wounding, bulge cells contribute cells to the
epidermis for immediate wound closure (light blue upward arrow). Bulge
cells also are required for hair follicle cycling (light blue downward arrow).
(c) Over time, bulge-derived cells diminish, whereas non-bulge-derived cells
appear to predominate in the reepithelialized wound. (d) Hematopoietic
stem cells reside in close proximity to sinusoid vessels and the endosteum
(this relationship is highlighted), whereas skeletal stem cells form a
subpopulation of pericytes around capillaries. Figure 2a–c reprinted from
Cotsarelis (2006).

IDENTIFICATION AND ISOLATION OF STEM CELLS
Cell surface markers

Figure 1. Types of stem cells from early embryonic development through
adulthood and ways of reprogramming an adult cell. Embryonic stem
cells are derived from the inner cell mass of the blastocyst by culturing.
Fetal, amniotic, and umbilical stem cells come from a developing fetus, the
amniotic fluid, or the cord blood, respectively. The different types of adult
stem cells are found in their corresponding organs. Adult stem cells might
be able to differentiate into mature cells of other tissues, a process called
transdifferentiation. Mesenchymal stem cells, for instance, may become
hematopoietic, epidermal, or neural stem cells. Mature tissue cells such as
fibroblasts or lymphocytes can be reprogrammed as well by making them
induced pluripotent stem cells first and guiding their differentiation toward
other tissue cell types afterward.
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The maintenance of stem cell properties requires the
simultaneous expression of several molecules, some of
which might only be found in self-renewing cells. The
combination of these specific markers indicates the character of tissue stem cells and helps differentiate between
a more restricted progenitor and a terminally differentiated cell. Therefore, determining the presence or absence
and quantitatively assessing these markers is very useful
and is an integral part of several stem cell isolation techniques. For example, the human hair follicle–derived epidermal stem cells are negative for CD45 and c-kit, positive
for CD34 and CD200, and have a low expression of CD71
while producing α-6-integrin at a high level (Terunuma et
al., 2008). Similar to FACS, magnetic bead–based assays
can be used to enrich stem cells based on their surface
marker expression. Cell surface markers can be used to
identify stem cell markers in situ using immunostaining.
Side population

Side population (SP) analysis distinguishes stem and progenitor cells from other somatic cells based on their ability
to remove foreign molecules from the cells. In a mixture of
cells, all cells take up DNA-binding fluorescent dyes (such
© 2014 The Society for Investigative Dermatology
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as Hoechst dyes), but only stem cells (expressing special
ATP-binding cassette–containing pumps, a type of membrane-bound active transporter) will be able to remove the
dyes and will remain unstained or weakly stained when
analyzed by flow cytometry. In several tissues dye-excluding SP cells represent a stem cell–enriched fraction. This
method is remarkably sensitive and able to pick up rare
events in a heterogeneous cell population. A pitfall is that
the detection of dye-excluding stem cells requires active
cellular metabolism and is largely dependent on cell viability, which is adversely affected by the presence of DNA
intercalating dyes. Therefore, the isolated SP cells are not
always suitable for further functional stem cell analysis
(Terunuma et al., 2003) (Figure 3a).
Mitochondrial potential

More recently, another FACS-based assay measuring mitochondrial membrane potential was shown to enrich cells
with stem cell characteristics. By adding a potentiometric dye to a mixture of cells followed by FACS analysis,
stem cells can be separated by their higher mitochondrial
membrane potential compared to more differentiated cells
(Schieke et al., 2008; Charruyer et al., 2012) (Figure 3b).
Label-retaining assays
Figure 3. Various stem cell enrichment techniques. (a) Side population (SP)
cells of the epidermis are shown on an FACS plot. SP cells are found in the
lower left corner of the plot representing a cell population that stains negative
with two different DNA-binding Hoechst dyes. (b) Measuring mitochondrial
membrane potential (MMP) can also aid enrichment of stem cells. High TMRM555 intensity corresponds to high MMP. CD133-expressing epidermal cells
show high MMP. (c,d) In situ evaluation of a label-retaining assay using BrdU.
Proliferating cells that pick up BrdU are shown in the epidermis during the pulse
and later in the chase period. Initially all proliferating cells are labeled, but
with time only cells with stem cell characteristics will retain the BrdU tag. (d)
Measuring mitochondrial membrane potential (MMP) can also aid enrichment
of stem cells. High TMRM-555 intensity corresponds to high MMP. CD133expressing epidermal cells show high MMP. (e) Schematic representation of
the genetic strategy to mark slow-cycling cells with GFP-labeled histone H2B.
Transgenic mice harboring a tissue-specific promoter driving the tetracyclinerepressor (tetR)–VP16 transgene are crossed to transgenic mice expressing a
tightly regulated tetracycline-responsive regulatory element (TRE)–mCMV–
H2B–GFP element. Without doxycycline, H2B–GFP is uniformly present in
the nuclei of all cells within the tissue of interest. With doxycycline, H2B–GFP
expression is inhibited, resulting in a twofold dilution of existing fluorescence
with each division. By chasing for different time periods in the presence
of doxycycline, only slow-cycling stem cells or long-lasting, nondividing,
terminally differentiated cells of the tissue will remain labeled. (f) Histology (left)
and FACS (right) analysis of H2B–GFP label retention in the hair follicle when
Keratin 5 (K5) is the tissue-specific promoter. Left: At the start of new hair growth,
green nuclei, reflective of label-retaining cells, can be detected within the stem
cells of the outer layer of the hair follicle bulge (the inner layer is marked by
keratin 6; K6), as well as in the hair germ (HG) at the base of the bulge. (Right)
by analyzing GFP expression during a 4-week chase, populations of cells
exhibiting a twofold reduction in GFP fluorescence, reflective of cell division,
can be detected by FACS. (g) FACS analysis of H2B–GFP label retention in the
immune system. Hematopoietic progenitors lose H2B–GFP retention after 56
weeks of chase, whereas 10% of stem cells retain label at this time point (green
numbers and the lines represent the percentage of cells expressing GFP). Panels
a,c and d reprinted with permission from Terunuma et al. (2003); b reprinted
with permission from Charruyer et al. (2012); e–g reprinted with permission from
Fuchs and Horsley (2011).

© 2014 The Society for Investigative Dermatology

Label-retaining characteristics have been often used to enrich
stem cells by a pulse–chase method. In the “pulse phase,”
radiolabeled nucleotide or BrdU is administered to animals
or cell cultures. This will label all proliferating cells in the S
phase of the cell cycle when DNA replication takes place.
Labeling substances are then taken away for a prolonged
period of time before the tissues or cultures are examined.
Fast-cycling cells are constantly dividing; thus, their label

Figure 4. Long-term repopulation (LTR) ability of hematopoietic stem cells
(HSCs). LTR ability serves to validate various stem cell isolation methods.
To determine that the transplanted cells are indeed stem cells, we must
choose an adequate follow-up period after transplantation. Assume that
we are looking in the blood for neutrophil granulocytes, one of the end
products of HSCs. Neutrophils differentiate from HSCs through various
stages, such as common myeloid progenitors (CMPs) and promyelocytes. An
observation period of less than 12 weeks can yield misleading findings. After
3 weeks, for instance, detected neutrophils can originate from HSCs but they
might as well be the product of more differentiated cells such as CMPs or
promyelocytes. If we transplanted a CMP instead of an HSC we might falsely
identify a stem cell marker that belongs to a more differentiated cell type.

www.jidonline.org

11

research Techniques made simple 

in this secondary culture reevaluated. Cells with high replicative capacity and a low level of terminal differentiation
will form large colonies with smooth edges called holoclones. They represent a further enriched population of
epidermal stem cells (Barrandon and Green, 1987).
Functional stem cell assays

Figure 5. A summary of stem cell isolation and validation techniques.

is diluted with each division. Consequently, the amount of
original label steadily decreases to the point of becoming
undetectable. Slow-cycling cells divide less frequently, retain
more label, and are therefore identified as label-retaining
cells (LRCs) (Figure 3c,d). These labeling techniques allow in
situ histological detection of stem cell–enriched cell populations, but are not suitable for isolating living LRCs from
tissues. A relatively new, elegant method that solves this issue
utilizes the expression of histone-linked green fluorescent
protein (Fuchs and Horsley, 2011) (Figure 3).
Colony-forming efficiency and holoclone identification

The colony-forming efficiency assay is an in vitro method
that also helps enrich stem cells. It is performed by first
creating a single cell suspension from the target tissue, followed by a simple dilution step and subsequent inoculation of culture dishes with a low number of cells (typically
10–100 cells/cm2). The colonies that form are enriched in
stem cells and the number of colonies is believed to correlate with the initial number of stem cells in the tissue.
When epidermal stem cells are studied, colonies formed
by keratinocytes can be further subcultured and colonies
12
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The ultimate test for stemness is the ability of sorted/
enriched cells to maintain tissue homeostasis, that is, to
produce tissue-specific differentiated cells indefinitely.
Methods that assess in vivo functionality of transplanted
epidermal and hematopoietic stem cells are called longterm repopulation assays. The more differentiated a progenitor cell is, the longer it can live when transplanted.
If a hematopoietic stem cell is transplanted into an irradiated host (there is no functional host bone marrow left),
it can repopulate the bone marrow and will last the lifetime of the recipient. However, if a developed white cell
(or red cell) is transplanted, it will remain only as long as
that cell type lives. Thus, if a labeled cell (such as green
fluorescent protein labeled) is transplanted into an irradiated animal and the blood is sampled, the presence of
the fluorescence at different time points will indicate the
lifespan of the transplanted cell. If the fluorescence is still
present after 12 weeks, the transplanted cell must have
been a hematopoietic stem cell because no other progenitors could live this long (Figure 4). Often, these assays are
designed as competitive repopulation assays, meaning
that long-term repopulation is assessed against a competitor cell type so that quantitative results can be achieved
(Ghadially, 2012). A similar technique is available to measure the long-term repopulation ability of epidermal stem
cells (Schneider et al., 2003). The test for MSC stemness
is somewhat different. Here MSCs are transplanted in vivo
and their ability to form bone and support hematopoiesis
is evaluated after 12 weeks. The amount of created bone
and hematopoietic islands correlates with the number of
MSCs implanted (Robey et al., 2014).
SUMMARY

Stem cell research is becoming increasingly complex. Identifying stem cells can be challenging and
often requires the simultaneous use of various isolation
techniques. Being aware of the basic terms and selection techniques used in stem cell biology can help to
better understand stem cell–related research and may
facilitate the formulation of new, collaborative ideas in
dermatology. A summary of stem cell enrichment and
identification techniques is presented in Figure 5.
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1. The following is a unique feature of stem cells:
A. Fastest dividing cell type in tissues.
B. Greatest proliferative capacity.
C. Pluripotent nature.
D. Able to terminally differentiate.
2. Which of the following is true?
A.	Side population analysis requires active transport of Hoechst dyes inside the cell.
B.	Label-retaining assays can be used to isolate living human stem cells.
C.	Long-term repopulation assays can only be used
to study murine cells.
D.	Use of the H2GFP technique allows isolation of
living stem cell–enriched cell fractions.
3. What is the best assay to validate a new stem cell
isolation technique?
A.	Side population analysis.
B.	Label-retaining assay.
C.	Colony-forming unit assay.
D. In vivo repopulation assay.
4. Which of the following is true?
A.	Induced pluripotent stem cells are
reprogrammed embryonic cells.
B.	Epidermal stem cells are mostly found
in the hair bulb.
C.	Skeletal stem cell–derived cells support
hematopoiesis.
D.	Plasticity refers to the ability of terminally
differentiated cells to become stem cells.
5. Which of the following markers do human
epidermal stem cells stain for?
A. CD45 and keratin 10.
B. CD71 and CD271.
C.	CD31 and CD146.
D.	CD34 and CD200.
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Transgenic Mouse Technology in Skin Biology:
Generation of Knockin Mice
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INTRODUCTION

Genetic modification of model organisms is a powerful tool
to study human diseases in vivo. Mice have become the main
subject of interest for basic researchers because they share
a broad spectrum of physiological and pathological similarities with humans. These similarities, genetic accessibility, and a defined genetic background within the laboratory
mouse strains provide the basis to analyze in vivo cellular
and molecular pathways that are altered in human diseases.
Knockout and knockin mice have become valuable tools
to investigate the role of certain proteins and thereby have
helped researchers to overcome cause and consequence
problems arising from biochemical data (Hacking, 2008). For
biomedical research, the knockin mouse opened the possibility of studying the in vivo pathological consequences of
gene mutations associated with human disease and examining their similarity to human pathologies.
Whereas knockout technology aims to delete a gene or
part of a gene, knockin technology introduces specific mutations or cDNAs into a known locus of the genome. The altered
mice can then be used to study the molecular mechanisms by
which specific mutations can contribute to human diseases.
Examples of the potential of knockin technology are the introduction into mice of human orthologs—the human equivalent of the mouse gene—and investigation into how either
single-point mutations or gene insertions/deletions/inversions
observed in human disease affect gene function. In addition,
knockin technology can be used to introduce reporter genes
under the control of a cell type–specific promoter to follow
their fate over time in a defined location within the genome
(Vorhagen et al., in press). An important advantage of knockin
technology as compared with integration by chance (random
integration) is its directed integration into a known locus in the
genome. By contrast, random integration can result in multiple-copy integration and/or disturbance of genes where the
transgene was inserted. For example, random integration may

BENEFITS OF KNOCKIN TECHNOLOGY
• Exact site of integration is known.
• Allows functional insight into proteins by studying
single mutations or human orthologs in vivo.
• Constitutive, conditional, and inducible gene
knockins are possible.
• Knockins can be used to generate mouse models of
human diseases.

LIMITATIONS
• Combination of transgenes leads to growing
complexity, which in turn can lead to more side
effects.
• Only very few well-characterized genomic loci like
the ROSA26 locus that can be used for conditional
knockin of exogenous genes such as reporters
or dominant mutations/truncations. This makes
combinations of reporter and certain transgenes
knocked in to the same locus difficult.
• Expensive.
• Time-intensive.

occur in the promoter of another gene, resulting in disturbed
transcription of that gene.
PROCEDURE

The generation of knockin mice utilizes a gene-targeting
strategy similar to that used for constitutive and conditional knockout mice to modify genes in mouse embryonic
stem cells. The general procedure of constitutive or tissuespecific gene targeting in mice was previously described
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only one known locus of the genome. One example is the
introduction of point mutations into an endogenous gene
through homologous recombination (Figure 1a), which may,
for example, mimic mutations observed in human conditions. Another example is the targeted insertion of a coding sequence of interest into the Rosa26 locus, a site that is
frequently used for targeted transgene expression (Soriano,
1999). Insertion at this site ensures gene expression under
the weak local Rosa26 promoter. To date, no disturbances
of endogenous gene function have been reported on insertion into this locus. An exogenous promoter sequence can
also be added, leading to enhanced expression of the introduced cDNA. Moreover, when a loxP-flanked stop cassette
is placed between the promoter and cDNA, the Cre–loxP
system can be employed for tissue-specific and induced
expression. In general, the antibiotic resistance–selection
cassette must be removed to allow the transgene to function
properly (Figure 1b) (Gunschmann et al., 2014).
Knockin technology can also be used to bring Cre under
the control of an endogenous promoter (Figure 2a), which can
then be used to follow the tissue-specific activity of this promoter (see below). One important feature of the knockin technology is its potential compatibility with inducible systems,
such as the CreERT and TetO/TetR systems. This compatibility enables investigators to study the effects of mutations that
occur in later stages of life, for example—effects that closely
resemble the cause of many human diseases.
TRANSLATIONAL DISEASE MODELS

Figure 1. Site-specific integration of a transgene using homologous
recombination. (a) Generation of a mouse model with a defined point
mutation within one gene using knockin technology. The target vector
contains the mutated sequence of the gene of interest (TCA à GCA), as
well as a resistance cassette. Homologous sequences (HS) mediate the sitespecific integration into the genomic locus. Crossing with a Cre line will
delete the resistance cassette to ensure that the gene is expressed properly.
(b) The Rosa26 locus is a widely used locus for transgenic expression. The
target vector contains the coding sequence (CDS) of interest as well as a
stop sequence and a resistance cassette flanked by sites of recombination,
respectively. Removal of the resistance cassette occurs in a separate crossing
with a Flp-expressing mouse line. Tissue-specific expression of the transgene
is then achieved by crossing with tissue-specific Cre lines.

in two related Research Techniques Made Simple articles
(Gunschmann et al., 2014; Scharfenberger et al., 2014). In
brief, the central steps involve isolation and cultivation of
embryonic stem cells from a blastocyst that are transfected
with a targeting construct. This construct integrates into
genomic DNA directed by homologous sequences flanking
the construct. Cells are then selected for successful integration and injected into the cavity of an early embryo. After
being implanted into a surrogate mother, the embryo develops into a chimeric mouse in which the transgenic cells
may have inserted into the germ line. The progeny of these
mice carry the transgene.
Whereas knockout mouse models target genes to
delete parts of it (and sometimes the whole gene), knockin
targeting enables the controlled insertion of genes into
© 2014 The Society for Investigative Dermatology

Knockin technology allows the generation of mouse models
that recapitulate human skin diseases (Chen and Roop, 2008).
One prominent example is a mouse that expressed mutant
keratin 10 (Fuchs et al., 1992). Mice carrying this mutant K10
show epidermolytic hyperkeratosis, which closely reproduc-

Figure 2. Example of a strategy that uses the knockin technology to
investigate tissue-specific expression patterns. (a) With the knockin
technology, a reporter gene (LacZ) is expressed under control of the Rosa26
promoter restricted by a stop sequence flanked by loxP sites. The Cre
recombinase under the control of the Tbx18 promoter deletes the stop
sequence and thereby allows gene expression specifically in Tbx18-positive
cells. (b–d) The reporter can be used to follow Tbx18 expression in different
tissues by different methods (X-Gal staining on embryos or tissue sections).
Adapted from Grisanti et al. (2013).
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es the phenotype observed in human patients carrying that
mutation. This knockin mouse model identified suprabasal
keratins as part of the molecular basis of epidermolytic hyperkeratosis and provided a basis for studying this human disease
in vivo and developing approaches for therapy.
Knockin models also create the possibility of examining
tissues and cells in which a specific promoter is active. For
example, Grisanti et al. (2013) established a line in which
Cre was knocked into the locus of the T-box transcription
factor 18 (Tbx18), such that its expression was under the
control of the endogenous Tbx18 promoter. In combination
with a β-galactosidase reporter knockin, Tbx18 was shown
to be active in dermal papilla precursor cells and thus was
identified as a marker for these cells (Figure 2) (Grisanti et
al., 2013).
KNOCKIN TECHNOLOGY: LIMITATIONS

Knockin models exhibit great potential for the analysis of
biological processes and disease mechanisms, but several
limitations still exist. Most are shared with the limitations of
knockout models that are described elsewhere (Gunschmann
et al., 2014; Scharfenberger et al., 2014). One potential
limitation includes artifacts resulting from the forced overexpression of a gene, resulting in unspecific protein–protein
interactions, for example. Perhaps the biggest disadvantage
is that mouse physiology is not identical to that of humans.
Using human orthologs of proteins to generate “humanized”
mouse models for diseases therefore does not entirely reflect
a human pathological situation.

Hacking DF (2008) “Knock, and it shall be opened”: knocking out and
knocking in to reveal mechanisms of disease and novel therapies. Early
Hum Dev 84:821–7
Scharfenberger L, Hennerici T, Kiraly G et al. (2014) Transgenic mouse
technology in skin biology: generation of complete or tissue-specific
knockout mice. J Invest Dermatol 134:e16
Soriano P (1999) Generalized lacZ expression with the ROSA26 Cre reporter
strain. Nat Genet 21:70–1
Vorhagen S, Jackow J, Mohor S et al. (in press) Lineage tracing mediated by
Cre-recombinase activity. J Invest Dermatol

QUESTIONS
This article has been approved for 1 hour of Category 1 CME credit.
To take the quiz, with or without CME credit, follow the link under
the “CME ACCREDITATION” heading.

1. The knockin of a transgene is ________
with ________
A. Site specific; one integration.
B.

Random; one integration.

C. Random; multiple integrations.
2. The knockin can be combined with which
of the following?
A.	Only tissue-specific expression systems.
B.	Only inducible expression systems.
C.	Tissue-specific and inducible expression
systems.
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D.	A constitutive expression system only.
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3. The tissue-specific expression of a transgene relies
on which of the following?
A. Promoter specificity.
B.

Tissue-specific Cre expression.

C.	Administration of tamoxifen.
4.

Site-specific integration has what advantage?
A.	Effects on other genes are minimized.
B.	The transgene is always expressed.
C.	The transgene cannot be lethal.

5. Site specific integration of a human gene allows
investigators to do which of the following?
A. Study common mouse diseases.
B.

Investigate mechanisms of human diseases.

C.	Identify interaction partners on a protein level.
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Lineage Tracing Mediated by Cre-Recombinase Activity
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INTRODUCTION

Clinical research aims to unravel mechanisms leading to disease. Looking at a disease state, frequently asked questions
are when and how did cells change their native behavior
and how do these cells circumvent regulation by the healthy
environment? Answers to these questions can often be identified through the use of a powerful technique called lineage
tracing. A cell lineage describes a single stem or progenitor
cell that gives rise to progeny that can adopt differential cell
fates. This cellular fate is represented through differential cell
properties or migration to specific regions within an organ
or the organism. Lineage tracing allows us to study these
dynamic processes through visualization of the cell lineage
within an organism. Lineage tracing originated in the field of
developmental biology. In the early twentieth century, Walter
Vogt and his colleagues developed a novel method by injection of “vital dyes” into single cells of an amphibian embryo
to trace the cells’ fate during gastrulation using light microscopy (Vogt, 1929). This technique was restricted by dilution
of the dye following each cell division, and ultimately it was
lost from the cell lineage. Although various ways to trace
cells were described in past decades, advances in mouse
transgenesis led to genetic lineage tracing techniques, which
are now the preferred approaches. We will discuss how the
Cre–loxP system can circumvent the problem of label dilution through induction of reporter gene expression in specific
cell populations and how these reporter genes can be used
to visualize cell lineages and analyze their behavior in vivo.
Basics of lineage tracing technology

Several reporter systems are suitable for the labeling of cell
lineages. In general, reporter genes are used for the visualization of a cell without undesired interference with intracellular processes that might affect the cell’s behavior in vivo. To
achieve controlled expression of reporter genes, the Cre–loxP
system is commonly used, which allows site-specific DNA
recombination and can be induced in a space- and timedependent manner. The two most common Cre-induced
reporters are β-galactosidase (β-gal) and fluorescent proteins.

WHAT LINEAGE TRACING DOES
• Lineage tracing allows us to follow cell fate
decisions of stem/progenitor cell populations and
their descendants within a living organism.
• The technique is based on visualization of the cell
lineage via a time and spatially controlled reporter
gene expression in stem/progenitor cells that is
passed on to their cell progeny.
• Lineage tracing enables us to study the dynamics
of proliferation, differentiation, and migration
of these cells in an in vivo context during
development, homeostasis, and disease.

LIMITATIONS
• A detailed characterization of the Cre-recombinase
and the reporter genes, in terms of both activity
and specificity, is required to prevent system
leakage.
• The expression of reporter genes and Cre-inducing
agents such as tamoxifen may also have a direct
effect on cell behavior, owing to the lack of suitable
controls.

The β-gal enzyme, encoded by the lacZ gene, is derived from
the Escherichia coli bacterium, where it is involved in the
hydrolysis of β-galactosides (Jacob and Monod, 1961). Cells
expressing β-gal can be visualized via staining with the substrate X-gal (5-bromo-4-chloro-3-indolyl-ß-D-galactopyranoside). Here, cleavage of X-gal causes a dark blue precipitate
in β-gal-expressing cells and thereby allows their identification
(Soriano, 1999). The main disadvantage of the β-gal reporter
system is the specific staining method of the induced cells,
which requires their fixation and impedes analysis of living
cells within the organism. By contrast, the advantage of a fluorescent reporter is its easy visualization. The first fluorescent
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Figure 1. Lineage tracing of hair follicle bulge stem cells. Cell population–
specific expression of the Cre-recombinase is achieved by placing the Cre
gene under the control of a promoter specific for the cell population of
interest. In cells in the bulge cell lineage (green cells), the Cre-recombinase
mediates the deletion of the loxP site–flanked stop codon in front of the
reporter gene and thereby induces reporter gene expression. This permanent
genetic modification is passed on to the cell progeny, independent of Cre
expression, and facilitates tracing of the cell lineage. In cells that are not in
the bulge cell lineage (gray cell), the Cre gene is not expressed and therefore
the reporter gene will not be expressed.

reporter used for lineage tracing was the green fluorescent
protein (GFP) from the jellyfish Aequorea victoria (Mao et al.,
2001). GFP emits green fluorescent light upon exposure to UV
light. Nowadays, many spectral derivates of GFP are available
that allow the visualization of cells within the organism via
live-cell imaging technologies and multicolor lineage tracing.
The Cre–loxP system is commonly used to control gene
expression and was the topic of a previously published
Research Techniques Made Simple article (Scharfenberger et
al., 2014). Briefly, the Cre-recombinase is a site-specific DNA
recombinase that mediates the deletion or inversion of a loxP
site–flanked DNA region. To induce reporter gene expression, the most common method is to introduce a loxP site–
flanked stop codon in front of the reporter gene. Whereas
under normal conditions the expression of the reporter is
prevented by the stop codon, upon Cre expression this stop
codon is excised and the reporter gene is expressed, resulting
in labeling of the cell. Importantly, this permanent genetic
manipulation circumvents the problem of label dilution due
to the constitutive reporter gene expression in the daughter
cells after a cell division.
Regulation of Cre activity

To achieve cell population or tissue-specific Cre activation, the
Cre-recombinase is expressed under the control of a promoter
that is only active in the cell population of interest, whereas
the reporter gene is expressed under control of a ubiquitous
expressed gene such as ROSA26 or β-actin. As an example, if
18
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the Cre-recombinase is expressed under control of a hair follicle bulge stem cell–specific promoter, excision of the stop
codon, and thereby reporter gene expression, is mediated only
in the stem-cell population and its cell progeny (Figure 1).
If single cells need to be labeled to follow not only the
cell fate decisions of whole cell populations but also single
cells within the population and/or at defined developmental time points, an inducible Cre-recombinase is favorable
(Günschmann et al., 2014). Here, the Cre activity can be
temporally regulated on the transcriptional or posttranscriptional level. The expression of the Cre-recombinase
can be transcriptionally controlled by the Tet-On/Off
system. Using the Tet-Off system, the gene of interest is
expressed under control of the tetracycline response element, consisting of TetO operator sequences, which are
placed in front of the gene promoter. In addition, the
expression of a tetracycline transactivator (tTA) protein,
which is able to bind to the TetO sequence, is controlled by
a promoter, which is chosen according to the cell population of interest. If tetracycline is present, it binds the tTA
protein, thus impairing the binding to the TetO operator
sequence and the transcription of the Cre-recombinase.
Using the Tet-On system, binding of tetracycline to the tTA
protein enables binding to the TetO operator sequences
and induces Cre expression. tTA is responsive not only to
tetracycline but also to its derivates, such as doxycycline,

Figure 2. Lineage tracing example: inducible Cre-recombination via the
Tet-Off system. Mannik et al. (2010) used a lineage tracing approach to
demonstrate that differentiated keratinocytes are able to regenerate a fully
functional epidermis when transplanted onto nude mice. The investigators
induced Cre expression in differentiated keratinocytes, placing the
tetracycline transactivator (tTA) protein under control of the involucrin (INV)
(keratinocyte differentiation marker) promoter. Using this system, tetracycline
administration activates Cre-recombinase expression and thereby the
excision of a loxP site–flanked neomycin cassette (a). Through induced
expression of the fluorescent reporter YFP, a yellow fluorescent protein,
differentiated keratinocytes could be isolated via FACS and transplanted
onto nude mice (b). Adapted from Mannik et al., 2010. FACS, fluorescence
activated cell sorting

© 2015 The Society for Investigative Dermatology
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which is mostly used in genetic mouse models (Bujard
and Gossen, 1992). To induce Cre activity in single cells,
the Tet-On system is favorable to the Tet-Off system owing
to its faster responsiveness and better control of dosagedependent induction of the tTA protein in single cells. As
an example, Mannik et al. (2010) used the Tet-Off system to temporally induce reporter gene expression during
keratinocyte differentiation using Cre-recombinase under
the control of the involucrin promoter (Figure 2). This promoter is only active in differentiated keratinocytes residing
in the spinous and granular layer of the epidermis. Using
this technology, the investigators showed that differentiated
keratinocytes, which were positive for the yellow fluorescent protein (YFP), can regenerate the complete epidermis,
including its appendages, when transplanted onto nude
mice (Mannik et al., 2010).
For regulation of Cre activity on the posttranscriptional
level, Cre can be fused to a mutated form of the human
estrogen receptor (CreER). In the absence of tamoxifen,
the ligand of the mutated estrogen receptor, CreER, resides
in the cytoplasm as a result of binding to the heat-shock
protein HSP90. In the presence of tamoxifen, the ligand
binding causes a conformational change of the receptor, its release from HSP90, and the nuclear translocation
of CreER, where it can recombine LoxP sites. In this way,
CreER can be used to excise a loxP-flanked STOP codon
in front of the reporter gene, which induces its expression. The activation of transcriptional and posttranscriptional regulated Cre-recombinases is dose dependent of
tetracycline or tamoxifen, which means that low doses of
the substances induce fewer cells and the induction can
be optimized down to the single-cell level in specific cell
populations (Hayashi and McMahon, 2002). The administration of tetracycline and tamoxifen can be achieved via
food, water, topical treatment, or injection.
ADVANTAGES AND LIMITATIONS

Lineage tracing enables us to gain detailed information about
the migration and cell fate decisions of cell populations or single cells within their native (patho-)physiological environment,
which makes it an advantageous tool. Beside the expression
of a reporter gene and thereby the visualization of cell lineages within the living organism, additional gene modifications
can be introduced into these lineages. Thereby we can learn
whether genetic manipulation of specific genes affects the
interaction of cells with their environment, migratory behavior,
or intrinsic cell fate decisions during development or under
homeostatic conditions. For example, the mutation or deletion of tumor suppressor genes can induce tumor formation;
here lineage tracing enables the analysis of the interaction of
tumor cells within the healthy tumor environment and during
the metastatic processes. But although lineage tracing seems
to be a straightforward technique, a detailed characterization of the Cre-recombinase and the reporter genes, in terms
of both activity and specificity, is required to prevent system
leakage. In addition, the expression of reporter genes and Creinducing agents such as tamoxifen may have a direct effect on
cell behavior because of the lack of suitable controls.
© 2015 The Society for Investigative Dermatology
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QUESTIONS
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the “CME ACCREDITATION” heading.
For each question, more than one answer may be correct.

1. What is a cell lineage?
A. A group of cells aligned next to each other.
B. The progeny of one cell or a specific cell type.
C. The border between epidermis and dermis.
2.	Which kind of reporter systems cannot be used to
visualize a population of cells?
A. Fluorescent reporters.
B. β-Galactosidase.
C. Vital dyes.
D. DMSO.
3.	The advantage of a fluorescent reporter compared to
a β-gal reporter is which of the following?
A. The fluorescent reporter is expressed in all tissues.
B. Live cell imaging within tissues.
C. The possibility of multicolor labeling.
D. It does not alter cell functions.
4.	The Cre-recombinase should be expressed under
control of a promoter that is which of the following?
A. Active in terminally differentiated cell populations.
B. Active in proliferative active cell populations.
C. Active in a distinct cell population.
D. Ubiquitously activated.
5.	Which systems are commonly used to induce Crerecombinase activity?
A. CreER.
B. Tet-On.
C. Tet-Off.
D. β-Galactosidase.
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Penetration Assays
' 2, Dimitra Koumaki3, Francois Kuonen4, Stamatina Verykiou5 and
Annika Schmitz1, Elvira Lazic
  
1
Matthias Rübsam
Journal of Investigative Dermatology (2014) 135, e29. doi:10.1038/jid.2014.495

INTRODUCTION

The formation of a properly functioning epidermal barrier is a
prerequisite for terrestrial life. The epidermis not only protects
from external influences such as pathogens, chemicals, and
UV light, but also prevents dehydration. To maintain proper
barrier function, the epidermis undergoes a dynamic turnover driven by proliferating keratinocytes in the basal layer
that, upon induction of differentiation, will move upward
through the stratum spinosum and stratum granulosum while
undergoing a terminal differentiation process to ultimately
form the stratum corneum (SC). This layer is in direct contact with the outside environment and provides important
structural and innate immune barrier properties. Barrier function is initiated when stratum granulosum keratinocytes start
secreting and crosslinking specific proteins and lipids into
the intercellular space and at the same time transform their
membrane into a so-called cornified envelope (e.g., by linking different structural proteins such as loricrin to the inner
side of the cell membrane). Consequently, keratinocytes shed
their nucleus to become corneocytes forming the SC.
In recent years it has become clear that the SC is not the
sole structure providing barrier properties to the epidermis.
It is now clear that specialized intercellular junctions, called
tight junctions (TJs), are present between cells of the granular
layer, where they ensure proper barrier function (Furuse et
al., 2002; Tunggal et al., 2005). TJs have been well characterized in simple epithelia where they form a paracellular sizeand ion-specific barrier to separate tissue compartments. The
size and ion selectivity of TJs is mainly based on which members of the claudin family of transmembrane proteins are
located in the TJs of different tissues. The epidermis expresses
several claudins, and loss of claudin-1 in mice results in perinatal lethality attributable to rapid dehydration (Furuse et al.,
2002). In addition, TJs are crucial for immune surveillance by
Langerhans cells (Kubo et al., 2009).
The importance of the two barriers is further confirmed by
observations that mutations in SC proteins such as filaggrin
are linked to diseases characterized by an impaired skin bar-

BENEFITS OF DYE PENETRATION ASSAYS
• Dye penetration assays are a powerful tool to assess
potential leakiness of the epidermal barrier in vivo.
• A combination of different assays provides an
indication about the functionality of both the
stratum corneum and the tight junction barrier.
• Application of different molecules can point to the
nature of a barrier defect.

LIMITATIONS
• Dye penetration assays do not provide a molecular
explanation for a barrier defect.
• Application of a single method may not display the
exact origin of a barrier defect.
• Tight junction penetration assays are often difficult
to evaluate in adult mice because their stratum
granulosum is hardly visible.
• The functional threshold of the assays and the
physiological barrier may differ.

rier, such as atopic dermatitis and ichthyosis vulgaris (Palmer
et al., 2006; Smith et al., 2006). In addition, human claudin-1 mutations are associated with neonatal sclerosing cholangitis associated with ichthyosis (Hadj-Rabia et al., 2004).
However, the exact molecular mechanisms of how TJs and
the SC contribute to the formation, maintenance, and restoration of the skin barrier are not well understood. In addition,
it is not known whether and how TJs and the SC cooperate to
form a fully functional skin barrier.
Transgenic mouse models have been helpful tools to
investigate how proteins implicated in epidermal barrier
function contribute to the formation and maintenance of skin
barrier function. Next to assessing whether such mice have a
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dysfunctional skin barrier as measured by, for example, trans
epidermal water loss, it would be important to assess their
SC and TJ barrier function. To this end, different dye penetration assays have been developed to determine a potential SC
or TJ barrier defect in these mouse models. These assays can
be subdivided into assays that use dyes to assess either the
outside-in or the inside-out penetration to analyze SC and
TJ permeability, respectively. Dye diffusion assays provide
a rapid and relatively cost-effective tool to assess epidermal
barrier function. Note that diffusion of each of the described
dyes through a barrier was shown to correlate with a physiological dysfunction of the respective barrier; however, the
threshold of a barrier for being permeable for a dye or physiological solutes or water can differ.
Inside-out tight junction barrier assay: biotin
diffusion

The functionality of the TJ barrier can be tested using tracer
molecules of different sizes that cannot pass a properly functioning TJ barrier. Sulfo-NHS-esters of biotin will efficiently
label proteins by binding primary amine-containing macromolecules on the cell surface. Once injected into the dermis,
biotin reagents will diffuse through the intercellular space
but will not pass a functional TJ barrier in the granular layer.
Thus, diffusion of biotin above the stratum granulosum indicates a disrupted TJ barrier (Figure 1).
Furuse et al. (2002) were the first to successfully use this
method to provide evidence for the presence of continu-

ous occludin-based TJs in the granular layer. They found
that loss of claudin-1 increased transepidermal water loss,
leading to perinatal death in claudin-1-deficient mice
accompanied by biotin leakage above the granular layer,
highlighting the importance of TJs for epidermal water barrier function (Furuse et al., 2002). The assay was also used to
provide evidence that epidermal deletion of the adherens junction protein E-cadherin impaired TJs, resulting in
a phenotype strikingly similar to that of the claudin-1 mice
(Tunggal et al., 2005). The assay also demonstrated that TJs
function as an intercellular permeability barrier to small molecules (~550 Da) in human epidermis (Yuki et al., 2011).
To test the TJ barrier in mice, 10 mg/ml EZ-Link sulfoNHS-LC-biotin (Pierce Chemical Co., Rockford, IL) in phosphate-buffered saline containing 1 mM CaCl2 is injected
intradermally into the back skin of newborn mice. After
30 minutes of incubation, mice are sacrificed and the skin
is isolated and embedded in Tissue-Tek and snap-frozen
in liquid nitrogen. Paraformaldehyde-fixed cryosections
are stained with an appropriate primary antibody that recognizes a TJ protein to mark these junctions in the granular layer (frequently used targets are zonula occludens-1
or occludin). After being washed with phosphate-buffered
saline (PBS), sections are incubated with an appropriate
fluorescent-labeled secondary antibody to label TJs, in combination with a different fluorescent-labeled streptavidin to
follow penetration of biotin and 4′,6-diamidino-2-phenylindole to label nuclei. After repeated washings with PBS, sec-

Figure 1. Inside-out barrier: biotin diffusion assay. (a) In healthy skin, the diffusion of subcutaneously injected biotin (green) is restricted by the tight junctions
of the granular layer (marked by occludin staining in red). Epidermal deletion of, for example, E-cadherin, disturbs epidermal tight junction function as
shown by penetration of biotin through the tight junction layer. Reprinted from Tunggal et al. (2005); copyright 2005 by John Wiley and Sons. (b) Schematic
representation of paracellular biotin diffusion through the epidermal barrier in healthy versus disturbed condition.
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Figure 2. Outside-in barrier: toluidine blue barrier penetration assay. (a) Toluidine blue staining of 16.5-day-old embryos shows dye penetration at the ventral
but not the dorsal side, where the barrier already has been formed (left). In mice, the first signs of a functional stratum corneum barrier appear at embryonic
day 16.5 (E16.5) at the dorsal side of the embryo and progress toward the ventral side, with completion at E18.5. Mouse embryos deficient for loricrin show
a clear delay in the formation of the stratum corneum barrier, as shown by whole-body penetration of toluidine blue at E16.5 (right, −/−). (b) Schematic
representation of toluidine blue penetration through the stratum corneum barrier. Modified from Koch et al. (2000).

tions are mounted in mounting medium and analyzed with a
fluorescence microscope to determine whether TJs are present at intercellular contacts in the granular layer and whether biotin has penetrated past these TJs.
Alternative molecules, such as fluorescent-labeled dextrans of different sizes, may be used in this assay to test
whether the size-dependent diffusion barrier properties of
the TJs are changed in the transgenic mouse of interest. A
potential pitfall is the occasional nonspecific binding of the
fluorescent-labeled streptavidin to SC structures, which are
generally prone to unspecific binding in fluorescence analysis, resulting in a potential false interpretation that suggests leakage of TJs. Therefore, to avoid misinterpretation
of the assay, a sufficient number of sections and number of
mice must be analyzed.
Outside-in stratum corneum barrier assay:
toluidine blue

The SC barrier can be assessed by applying different dyes
from the outside and measuring how far these dyes penetrate into the epidermis. One of the most commonly used
dyes is toluidine blue, which is a thiazine metachromatic
dye exhibiting high affinity for acidic tissue components
and, therefore, nuclear material. It was first discovered in
1856 by William Henry Perkin and used in the dye industry.
Since then it has been used in a number of medical applications, including its initial use as a diagnostic tool in oral
© 2015 The Society for Investigative Dermatology

cancer. Hardman et al. (1998) first described the use of toluidine blue in investigation of skin barrier dysfunction. It was
shown that toluidine blue penetrance into the epidermis is
inhibited as the SC epidermal barrier starts to form between
days 16 and 17 of gestation. Using this assay at different
time points during development, they demonstrated that
barrier function spreads dorsally to ventrally and is complete
at embryonic day 18.5 (Hardman et al., 1998).
To perform the toluidine blue assay, mouse embryos are
sacrificed and rinsed in PBS followed by immersion in 25,
50, 75, 100, 75, 50, and 25% methanol to allow toluidine
blue penetration. Although the mechanism of methanol treatment is not fully understood, it likely involves extraction of
polar lipids. Subsequently, embryos are rehydrated in PBS
and immersed in 0.1% toluidine blue for 10 minutes and
washed again in PBS. The SC barrier function is evaluated
based on the degree of dye penetration. Embryos with SC
barrier defects will be stained blue, whereas a functional barrier will prevent staining (Figure 2).
Alternative dyes used for penetration assays to analyze
the outside-in barrier are X-gal and Lucifer yellow, which
are both applied to untreated skin. These dyes can only be
visualized by staining and thus require processing of the
tissue. The advantage of using toluidine blue is the immediate readout without any further processing. However,
it does not offer the possibility of being combined with
immunofluorescence analysis of markers of the barrier.
www.jidonline.org
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The use of these penetration assays is magnified in the case
of a significantly disrupted barrier (Sevilla et al., 2013;
Sugawara et al., 2013).
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1. W
 hich are the principal structures participating in
the epidermal barrier?
A. Tight junctions.
B. Stratum corneum.
C. Basement membrane.
D. Stratum spinosum.
2.	Which are the essential components of the stratum
corneum barrier?
A. Protein–lipid crosslinks.
B. Collagen.
C. Adherens junctions.
3. Dye penetration assays show which of the following?
A. The origin of the barrier leakage.
B. Leakage of the tested barrier.
C. Severity of barrier defects.
4.	What are the limitations of dye penetration assays?
A. They cannot show leakiness of a specific barrier.
B. Dye penetration may not reflect physiological
leakiness.
C. Single assays are not sufficient to determine the
origin of the barrier defect.
5. What is the function of the tight junction barrier?
A. Mechanical rigidity.
B. Paracellular diffusion barrier.
C. Separating tissues from outside environment.
D. Protection from UV light.
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Basics of Immunohistochemistry
Vivien Schacht1 and Johannes S. Kern2
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INTRODUCTION

Immunohistochemistry (IHC) is a powerful method for localizing specific antigens in formalin-fixed, paraffin-embedded
(FFPE) tissues based on antigen–antibody interaction (Taylor
and Burns, 1974). The technique is widely used in dermatologic diagnostics and research, and its applications continue to be
extended because of its ease of use, reliability, and versatility.
In IHC an antigen–antibody construct is visualized through
light microscopy by means of a color signal. The advantage of
IHC over immunofluorescence techniques is the visible morphology of the tissue around the specific antigen by counterstaining, e.g., with hematoxylin (blue). Results of stained IHC
markers are reported semiquantitatively and have important
diagnostic and prognostic implications, particularly for skin
tumors, lymphoma, and the detection of infectious microorganisms. This article presents the key steps for performing
IHC and describes its current use in dermatology.
HISTORY

The term “antibody” was coined by Paul Ehrlich in 1891.
Immunofluorescence staining on frozen sections based on
antigen–antibody interactions was presented by Coons in
1940 (for an introduction see Odell and Cook, 2013). Taylor
and Burns developed IHC on routinely processed FFPE tissues
in 1974. In 1975 Köhler and Milstein presented the hybridoma technique to produce monoclonal antibodies (mAbs) by
fusing an antibody-producing B cell with a myeloma cell that
is selected for its ability to grow in tissue culture (Köhler and
Milstein, 1975). Prior to this, polyclonal antibodies—antisera that contain molecularly different antibodies that target
multiple epitopes with varying specificity—were used. These
result in higher levels of nonspecific background staining than
mAbs. The hybridoma technique enabled the use of mAbs in
IHC, with a broad range of antigens and high staining quality.
HOW IS IMMUNOHISTOCHEMISTRY PERFORMED?
Step 1: tissue processing and epitope retrieval

For fixation, 10% neutral-buffered formalin is used for
between 4 and 24 hours. This fixation preserves morphologic
features but compromises antigenicity to a certain extent. It
induces alterations in the tertiary and quaternary structures
of proteins but does not cause irreversible reduction or total
loss of antigenic determinants in paraffin sections. Therefore,
the epitopes of interest remain intact (Dill and Shortle, 1991).

WHAT IMMUNOHISTOCHEMISTRY DOES
•Localizes specific antigens in formalin-fixed,
paraffin-embedded skin based on antigen–antibody
interaction.
• Is performed in three steps: processing and epitope
retrieval in the skin, antigen–antibody interaction,
and visualization through different detection
systems.
• Is assessed through light microscopy by means
of a color signal, with the advantage of visible
morphology of the cutaneous or subcutaneous
surrounding tissue.
• Has important implications in skin pathology
for diagnosis and prognosis of skin tumors and
lymphomas and for the detection of infectious
microorganisms.
• Is widely used in dermatologic research.

LIMITATIONS
• Not all antigens are equally preserved and
detectable through immunohistochemistry.
• Demanding laboratory procedure with many
possible variables; technical pitfalls can lead to
false-negative or false-positive results.
• Nonstandardized methods vary between
laboratories.
• Less sensitive and specific than PCR-based
molecular diagnostic methods.

Then FFPE tissue should be cut into 3- to 4-μm thin sections
and mounted on glass slides. Enzyme digestion by trypsin or
protease can be used to “unmask” antigens that have been
altered by formalin fixation. The most common antigen
retrieval technique to restore the tertiary structure is heating
tissue sections in water or buffered solutions (e.g., citrate or
EDTA buffer).
Step 2: antigen–antibody interaction

For the direct method, labeled monospecific antibody is
directly applied to the tissue section (Figure 1a). The antibody
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These new methods have the advantage of decreased background staining (higher specificity) and increased sensitivity.
Double staining (different colors) in one tissue section can
be achieved through a combination of two immunoenzymatic systems or one immunoenzymatic system with different substrates. For detailed overviews of IHC, see Dabbs and
Thompson (2013).
QUALITY CONTROL

Figure 1. Schematic diagram of immunohistochemical techniques. (a)
Direct method: the antigen-specific primary antibody is biotin labeled.
Biotin binds to avidin/streptavidin. Color visualization is achieved through
enzymatic reaction of horseradish peroxidase/alkaline phosphatase. (b)
Indirect method: the antigen-specific primary antibody is unlabeled. The
secondary, biotin-labeled antibody binds to primary antibody. Visualization
is achieved accordingly through avidin/streptavidin and peroxidase/alkaline
phosphatase complexes. The indirect method increases versatility because
unlabeled primary antibodies can be used. (c) Indirect method with polymer
chain detection system. Biotin and avidin/streptavidin are replaced by a
labeled polymer chain, allowing for increased sensitivity and specificity.

is most frequently conjugated with biotin. Biotin then binds
to labeled avidin or streptavidin. Through this second layer
of labeling, the staining is amplified. Therefore, the development of these multiple-step detection methods resulted
in greatly improved sensitivity of IHC. Thus, these multiplestep detection methods allow for detection of a wide range
of antigens in routine diagnostic FFPE tissues. The indirect
method uses two layers of antibodies (Figure 1b and 1c).
Progression from the one-step direct conjugate method to the
multiple-step indirect method greatly increased the versatility
of IHC because a wide range of unlabeled primary antibodies could then be used.

Quality control is essential to ensure that an IHC staining is
sensitive and specific, reproducible, and standardized. There
can be many pitfalls in IHC (Yaziji and Barry, 2006); therefore, the use of positive and negative controls in each staining run is essential. A positive control is a well-characterized
sample that contains the antigen of interest and is stained the
same way as the specimen to be checked. The same sample
is used for the negative control as for the positive control. It is
stained with the same procedure, but the primary antibody is
replaced by nonbinding Ig from the same species.
Reasons for false-negative results include improper tissue
fixation, processing, or pretreatment. False-positive results
can occur through nonspecific background staining. The
most common cause of this is ionic binding of antibodies to
charged connective tissue elements, e.g., collagen fibers. To
avoid this, it is recommended that the tissue be incubated
with normal serum of the same species as the secondary
antibody (blocking). Moreover, endogenous enzyme activity must be blocked—taking into account the fixation and
retrieval method—to further avoid false-positive reactions.
Undissolved precipitates of chromogen or counterstain can
also be mistaken for a positive reaction.
Validation of IHC methodologies can be achieved by participation in round robin tests, by staining various tissue and
tumor types to determine sensitivity and specificity, or by

Step 3: visualization through different detection systems

Antibody molecules cannot be seen—even under electron
microscopy—unless they are labeled or tagged for visualization. Labeling techniques include fluorescent compounds
(e.g., for direct immunofluorescence) or active enzymes (for
IHC). In IHC, enzymes are added to the tissue sections, and
these enzymes bind to the biotin, avidin/streptavidin labeled
antibodies; the enzymes used are horseradish peroxidase or
calf intestine alkaline phosphatase (Figure 1a and b). Then
chromogens are added to the sections and oxidized by
horseradish peroxidase or alkaline phosphatase, leading to a
color reaction. The most widely used chromogens result in
red or brown IHC staining. The method shown in Figure 1b is
the most widely used; however, newly developed detection
systems do not rely on antibody labeling through biotin and
avidin/streptavidin. Instead, multiple secondary antibodies
and enzymes are linked to a polymer backbone (Figure 1c).
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Figure 2. p16INK4a expression in human melanocytic tumors. p16INK4a
expression was determined using immunohistochemical analysis of 20
benign nevi. (a) Representative examples of compound nevi stained with
p16INK4a antibody (N20; Santa Cruz Biotechnology, Santa Cruz, CA) and
positive cells detected using Permanent Red (Dako, Glostrup, Denmark).
Bar = <3> 50 mm. (b) The results for 15 compound and 5 dysplastic nevi
are represented graphically. Horizontal bars indicate the median p16INK4a
expression values. Reprinted from Scurr et al., 2011.
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QUESTIONS
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To take the quiz, with or without CME credit, follow the link under
the “CME ACCREDITATION” heading.
For each question, more than one answer may be correct.

1. What does IHC detect?
A. Tissue-bound autoantibodies in fresh tissues.
B. DNA aberrations in FFPE tissues.
C. Specific antigens in FFPE tissues unmasked by different epitope-retrieval techniques.
D. The presence of pathogenic RNA in fresh and
FFPE tissues.

Figure 3. Immunohistochemical results in melanoma for selected BRAF
V600E mutation–positive cases by DNA analyses. Case 9, a–c; case 10, d–f;
case 20, g–i; papillary thyroid carcinoma control, j–l. (a, d, g, and j) Scanning
magnification, hematoxylin and eosin (H&E). (b, e, h, and k) High power,
H&E. (c, f, i, and l) Immunohistochemical stain with the anti-B-Raf (V600E)
antibody. Reprinted with permission from Feller et al., 2013.

comparing staining results of different antibodies that recognize similar proteins.
IMMUNOHISTOCHEMISTRY IN DERMATOLOGY

IHC is possibly the most widely used technique at the protein level in dermatologic diagnostics. It complements morphologic histopathology, especially for the precise diagnosis of skin tumors and skin lymphoma and for the detection
of infectious microorganisms. Protein expression profiles
detected through IHC—on the cell surface, intracellularly,
and in the nucleus—enable the characterization of cell lineage, tumor, lymphoma, and inflammatory cell infiltrate.
Intra- and extracellular pathogens—bacteria, parasites, and
viruses (e.g., Mycobacterium tuberculosis, leishmaniasis, and
human herpesviruses)—can be directly detected. IHC also
plays an important role in dermatologic research. The following two examples demonstrate how IHC is used in melanoma research.
Identification of a new marker for melanoma

In addition to the identification of cell lineages, IHC can be
used to find markers that allow for discrimination of benign
versus malignant lesions, e.g., nevi versus malignant melanoma. Ideally, those markers are of prognostic value. Some
antigens show a specific IHC staining pattern, e.g., HMB45/
MART1 expression is lost in deeper dermal parts of many
benign nevi as a sign of cell maturation. Other markers,
such as certain oncogenes, are overexpressed in malig© 2015 The Society for Investigative Dermatology

2.	Which of the following is a true description of the
indirect method of IHC?<4>
A. Can be used only with biotin-labeled primary
antibodies.
B. Uses two layers of antibodies; the primary antibody
is unlabeled and can be visualized through different secondary antibody–based detection systems.
C. Is performed with circulating autoantibodies from
patient serum.
D. Is not very versatile because all primary antibodies must be labeled.
3.	What is a major advantage of antigen detection with
IHC?
A. Antigen–antibody constructs are visualized
through light microscopy by means of a color signal; the morphology of the surrounding tissue can
be made visible by a counterstaining.
B. It is the most sensitive method for detection of all
antigens.
C. FFPE tissue does not need to be prepared for antigen detection.
D. It is a highly standardized and simple technique;
there are almost no technical pitfalls.
4.	Which of the following techniques is more sensitive
than IHC for the detection of some antigens in the
skin?
A. Light microscopy: hematoxylin and eosin staining.
B. Light microscopy: special stainings.
C. Dermatoscope.
D. PCR-based methods.
5.	What thickness of FFPE tissue sections should be used
for IHC?
A. 10 µm.
B. 10 nm.
C. 3–4 µm.
D. 3–4 nm.
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nant lesions. The p16INK4a cyclin–dependent kinase plays an
important role in cell cycle regulation. Mutations in the coding gene are found in families affected by multiple melanomas. In their recent investigation, Scurr et al. (2011) found
that p16 expression was significantly decreased in dysplastic
nevi compared to benign melanocytic nevi in IHC (Figure 2).
It has been shown that loss of p16 is common in melanomas
and might be an independent adverse prognostic marker in
melanoma (Lade-Keller et al., 2014). By contrast, expression
of p16 did not help to differentiate between Spitz nevi and
spitzoid melanomas in another study (Mason et al., 2012).
Therefore, IHC staining of p16 in melanocytic lesions can be
valuable for the dermatopathologist, but its full potential role
in melanocytic lesions warrants further investigation.
IHC for determining suitability of targeted
therapies in melanoma

Another important marker in melanoma is the protooncogene BRAF that is involved in regulating cell growth. Certain
mutations in the BRAF gene are associated with shorter progression-free survival. The advent of new drugs specifically
targeting cells harboring a V600E mutation in the BRAF gene
has drastically changed the treatment of end-stage melanoma patients. To identify melanomas that harbor V600E
mutations in the BRAF gene, PCR-based technologies and
direct sequencing are used, which are often time- and workintensive. In their recent work, Feller et al. (2013) tested a
mutation-specific antibody against BRAFV600E in IHC and
demonstrated that it is sensitive and specific (Figure 3), indicating that IHC can be used as a simple screening tool for
BRAFV600E in melanoma. IHC could also complement
PCR-based technologies because it has the major advantage
of a visible morphology. Therefore, parts of a tumor that are
BRAFV600E-positive could be identified, or contamination
by a large number of BRAFV600E-negative cells (e.g., lymphocytes in a lymph node metastasis) can be excluded.
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The Use of Luminex Assays to Measure Cytokines
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INTRODUCTION

Cytokines are small, soluble peptides or proteins that are
produced by a variety of cells that participate in the immune
response, including T cells, B cells, macrophages, mast cells,
fibroblasts, and stromal cells, and are important immune
mediators that constitute the communication network of the
immune system. Cytokines regulate the responsiveness and
maturation of particular cell populations, modulate the balance between cellular and humoral immune responses, and
are important determinants of health and disease (O’Shea
and Murray, 2008). The cytokine milieu provides important insights into physiological and pathological processes
and can potentially serve as biomarkers for various diseases
(Paczesny et al., 2009; Suh and Kim, 2008). Therefore, determining the relative balance of cytokines is important in elucidating the biological pathways that lead to inflammation,
sepsis, and disease because dysregulation of these complex
signaling pathways is often the earliest marker of a pathologic response (Bozza et al., 2007; Chun et al., 2007).
In recent years, the Luminex assay has become an important tool in cytokine detection and quantification because of
its capacity to measure multiple different cytokines simultaneously in a single run of the assay with small sample size
requirements. Thus, this technology enables patterns of
numerous cytokines to be examined within and between
experiments, which provides a more inclusive and comprehensive depiction of disease than measurement of individual
cytokines—an approach that was not previously possible
using conventional technologies such as ELISA (Tighe et al.,
2013).
GENERAL PRINCIPLES AND TECHNIQUE

Luminex assays enable fast and accurate measurements of
cytokines by utilizing hundreds of specially prepared micrometer-scale plastic beads (referred to as microspheres), which
are internally dyed with a graded mixture of red or infrared
fluorescent dyes (Figure 1A). Varying the degree to which
the beads are internally dyed creates hundreds of different
fluorescent profiles that can be individually interrogated and
classified in a single sample (Tighe et al., 2013).
Excitation of each of the unique microspheres by a laser,
using modified flow cytometry–based instruments, causes
them to emit light at different wavelengths. Microspheres of a
single identity are conjugated on their surface with a specific

ADVANTAGES
• Multiplexing 100 tests in a single well of a
96-well plate provides higher density and higher
throughput in less time.
• Requires significantly smaller sample volumes than
traditional bioassays.
• Results are as accurate as an ELISA and more
reproducible than a microarray.
• Customization of specific probes, including
antibodies, receptors, peptides, and
oligonucleotides, specific to a user’s needs.

LIMITATIONS
• Requires dedicated analysis instruments, which
creates high upfront installation costs.
• Analyses are subject to variability because of assay
manufacturer, product lot number, and assay
execution.
• The presence of human autoantibodies in some
biological samples may confound the measurement
of cytokines in clinical assays because of
nonspecific binding.

capture antibody for a desired cytokine, which can be differentiated from other microsphere sets by its unique spectral
address (Figure 1B) (Dupont et al., 2005).
The biological sample of interest is then combined with a
mixture of microsphere sets—each set specific for a unique
cytokine—and incubated in a 96-well plate (Figure 1C).
Using a variety of microsphere sets combined within a single
assay, it is possible to carry out up to 100 tests in a single well
of a 96-well plate. The biological sample–microsphere mixture is then washed, and a cocktail of detection antibodies
specific for the desired cytokines is added (Figure 1D). These
detection antibodies are also conjugated with a reporter dye,
which provides the microsphere with an additional distinct
fluorescent emission signature when it binds the cytokine of
interest (Tighe et al., 2013). Thus, it is possible to differentiate various cytokines in a given sample based on the color of
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Figure 1. Luminex technique and general principles. (A) Plastic beads (100-μm scale) are internally dyed with a graded mixture of red and infrared fluorescent
dyes, providing each microsphere with a unique fluorescent signature. (B) Microspheres of a single identity (i.e., the same fluorescent signature) are conjugated
on their surface with a specific capture antibody for a desired cytokine. (C) A mixture of the 100 different microsphere sets is combined with the biological
sample of interest in a 96-well plate, incubated, and then washed. (D) Next, a cocktail of detection antibodies conjugated with a reporter dye is added. Notably,
a variety of detection antibodies are used, which are specific for different cytokines; however, the reporter dye is the same across all detection antibodies.
(E) After another round of washing, the microspheres are analyzed as a single-bead suspension through a flow chamber similar to a flow cytometer. A red laser
excites the internal red and infrared fluorescent dyes, which identifies and classifies the bead to one of the 100 microsphere sets. A green laser excites any bound
detection antibody–reporter dye complex, and the intensity of this signal quantifies the relative amount of the cytokine bound to the microsphere.
(F) Each microsphere traveling through the detection chamber thus has the following components: a capture antibody conjugated to its surface that is specific for
a particular cytokine; a variable amount of a specific cytokine that is bound to the capture antibody, which is determined by the concentration of the cytokine in
the original sample; and a detection antibody conjugated with a reporter dye that is also specific for the same particular cytokine.

the internally dyed beads themselves, while quantifying their
relative abundance via measurement of the intensity of fluorescence of the reporter dye–conjugated detection antibody.
After another round of washing, the microsphere–
cytokine–reporter compound is analyzed as a single-bead
suspension through a flow chamber equipped with excitation lasers and electronic detection apparatus that measures
the intensity of fluorescence of the microsphere–cytokine–
reporter compound, similar to a flow cytometer (Figure 1E).
Specifically, when a microsphere passes through the detection chamber, a red laser excites both the red and the infrared internal dyes inherent to each particular bead set, which
allows the proper classification of the bead to 1 of the 100
microsphere sets. A green laser then excites any reporter
dye associated with the binding of the cytokine of interest.
Notably, the amount of reporter bound to the microsphere is
dependent on the concentration of the particular cytokine in
30
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the original biological sample (Figure 1F). The emitted light
from the dyes is measured and used for quantitative analysis
of each microsphere–cytokine–reporter conjugate.
APPLICATIONS

Luminex assays have revolutionized our ability to rapidly assess
the relative concentration of various soluble factors that are
important biological mediators of health and/or disease. Many
rheumatologic, inflammatory, infectious, and genetic conditions are modulated by the differential expression of anti- and
proinflammatory cytokines, chemokines, and growth factors, and elucidation of these complex signaling pathways will
likely augment our capacity for early diagnosis and drug discovery. For example, Luminex profiling of epidermal explants
from patients with systemic sclerosis was recently utilized to
identify increased levels of profibrotic CCN2 (a connective
tissue growth factor) and proinflammatory protein S100A9
© 2015 The Society for Investigative Dermatology
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(Nikitorowicz-Buniak et al., 2014). These data suggest that the
epidermis of these patients provides an important source of the
profibrotic and proinflammatory factors that contribute to the
fibrosis and inflammation seen in the disease, and CCN2 and
S100A9 emerged as potential markers of disease severity and
serve as possible targets for therapeutic intervention.
The use of Luminex assays for basic science discovery, preclinical/translational studies, and clinical trial immune monitoring has rapidly increased in recent years. In particular, Luminex
assays have become widely utilized for biomarker analysis of
small-volume samples. In solid-organ and vascularized composite allotransplantation (such as hand and face transplantation), for example, Luminex assays have been utilized to predict
high-risk antibodies, positive complement-dependent cytotoxicity crossmatch, and immune monitoring of antibody-mediated rejection and inflammatory cytokines (Campbell, 2013;
Schneeberger et al., 2013).
Although the focus of this article is on the use of Luminex
assays to quantify relative cytokine expression patterns, the possible applications of this technique extend far beyond cytokines.
Indeed, it is possible to conjugate the surface of microspheres
with antibodies, receptors, peptides, and oligonucleotides,
thereby facilitating performance of immunoassays, receptor–
ligand assays, enzyme assays, and DNA assays, among others, which meets the needs of a wide variety of applications

including protein expression profiling, gene expression
profiling, molecular basis of infectious disease, and HLA testing.
In recent years, multiplex PCR and Luminex technology have
been used to identify high-risk mutations in cyclin-dependent
kinase inhibitor 2A/cyclin-dependent kinase 4 (CDKN2A/
CDK4) among genomic DNA from melanoma-prone families
(Figure 2) (Lang et al., 2011). The Luminex assay quickly and
accurately genotyped CDKN2A/CDK4 mutations in a large
number of samples, demonstrating its utility as a sensitive, costeffective, and reliable method for the screening of mutations
associated with an increased risk of melanoma. The ability to
analyze a variety of biological samples including tissue and cell
lysate, saliva, sputum, serum, plasma, and urine adds to the versatility of the Luminex platform as a useful screening modality.
COMPARISON WITH ELISA AND MICROARRAY
FOR CYTOKINE PROFILING
Luminex has several distinct advantages over similar bioassays, such as ELISA and microarray. Conceptually, the analysis of each microsphere is essentially an ELISA on a bead
(Dupont et al., 2005). This enables multiplexing of up to 100
different analytes in a single well of a Luminex assay because
each microsphere serves as an individual test, thereby providing higher throughput than ELISA. The three-dimensional
structure and small surface area of the microspheres allow for

Figure 2. The use of multiplex PCR and Luminex to screen for genomic variation in familial melanoma. Regions of interest (e.g., CDKN2A) are initially
amplified by multiplex PCR. Individual probes with the interrogative terminal codon are linked to a unique 24-mer Tag sequence and subjected to allelespecific primer extension (ASPE). The ASPE extension step uses biotinylated deoxycytidine triphosphates, thereby introducing a biotin-labeled moiety into
the extended fragment. The 24-mer Tag/biotinylated ASPE fragment is then specifically captured by a color-coded bead adorned with an anti-Tag, which fully
complements the 24-mer Tag sequence. Streptavidin-conjugated phycoerythrin (SA-PE) is then introduced to detect an intensity signal. In summary, the bead
color defines the address—i.e., the individual single-nucleotide polymorphism (SNP)—and the PE fluorescence intensity defines the amount of the specific SNP
fragment. Reprinted with permission from Lang et al. (2011).
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QUESTIONS
This article has been approved for 1 hour of Category 1 CME credit.
To take the quiz, with or without CME credit, follow the link under
the “CME ACCREDITATION” heading.
For each question, more than one answer may be correct.

1.	How many distinct cytokines or analytes can be interrogated in
a single well of a 96-well plate using Luminex?
A. 1.
B. 5.
C. 50.
D. 100.
E. 250.
2.	What type(s) of biological sample(s) can be analyzed using
Luminex?
A. Tissue and cell lysate.
B. Saliva.
C. Sputum.
D. Serum.
E. Plasma.
F. Urine.
G. All of the above.
3.	Which of the following is not true regarding the Luminex platform versus other comparable bioassays?
A.	It has the capacity for high-throughput and high-density
data delivery with excellent accuracy compared to alternative methods.
B.	Luminex requires the use of dedicated analysis instruments
similar to flow cytometers.
C.	Luminex and ELISA require similar sample volumes for
analysis.
D.	The three-dimensional structure and small surface area of
Luminex microspheres accelerates the reaction kinetics and
decreases total assay time.
4.	Which of the following compounds can be conjugated to the
surface of the Luminex microsphere?
A. Antibodies.
B. Receptors.
C. Peptides.
D. Oligonucleotides.
E. All of the above.
F. None of the above.
5.	How does the Luminex system differentiate among various
cytokines?
A.	A reporter dye is conjugated to a detection antibody that
is subsequently excited by the green laser of the Luminex
system.
B.	Each microsphere set is internally dyed with a graded mixture of red and infrared fluorescent dyes, and excitation of
the bead by the red laser emits a fluorescent signature that
is unique to each cytokine.
C.	Only one cytokine can be tested per well and the user must
decide which cytokine to test for in advance and input this
information into the analysis software.
D.	The fluorescent signal emitted from the internally dyed
microsphere and the externally conjugated detection antibody are combined to identify the particular cytokine of
interest.
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faster reaction kinetics and shorter assay times than ELISAs
and microarrays, which are limited by solid-phase kinetics.
Luminex assays also offer the flexibility to customize and
attach specific probes to uniquely colored microspheres,
easily expanding and readily adapting to specific mutations in specific populations as they are identified, which
has important implications for its use as a screening tool.
Notably, Luminex requires small sample volumes of only 50
μl per well, greatly diminishing the sample volume required
compared to ELISA. Thus, more data are generated from the
same sample volume.
Luminex is unique in that it offers both high-density
(multiplexing 100 tests per sample) and high-throughput
(can test up to 1,000 samples per day) simultaneously,
with results that are highly reproducible, reliable, and as
accurate as an ELISA. Although ELISA and real-time PCR
have the capacity for high throughput (i.e., it is possible to
analyze hundreds of samples per day), they are unable to
multiplex more than a few tests at a time. Microarrays, on
the other hand, provide high-density screening of several
hundred tests at a time, but are limited by their lack of
reproducibility needed for high-throughput analyses.
However, several factors may limit the utility and
availability of Luminex. First, the Luminex platform requires
dedicated analysis instruments that are similar to flow
cytometers, which therefore increases the upfront costs
associated with this system. Development of newer lightemitting diode–based systems, as opposed to laser-based
units, will likely significantly decrease the initial cost to
utilize this assay. Luminex assays are also subject to variability because of assay manufacturer, product lot number,
and assay execution (Lynch et al., 2014); however, using the
same manufacturer in a given assay and maintaining consistent methodology can minimize variability. Additionally,
the presence of human autoantibodies in some biological samples may confound the measurement of cytokines in clinical assays as a result of nonspecific binding.
Fortunately, several methods are available to remove these
autoantibodies while maintaining the integrity of the resultant cytokine profile (de Jager et al., 2005).
CONCLUSION

Luminex is an important tool in the interrogation of the
cytokine milieu in physiologic and pathologic processes
because it enables patterns of cytokines to be evaluated,
thereby providing a more comprehensive depiction of the
complex cell signaling network than was previously possible. It provides more robust data delivery with higher
throughput and density than traditional methods, but with
accuracy comparable to that of ELISA. Luminex requires
significantly lower sample volumes and shorter assay times
than ELISA, and it can be utilized for a variety of applications beyond cytokine profiling, including protein and gene
expression profiling, biomarker identification, and drug
discovery. New light-emitting diode–based Luminex instruments offer the promise of reduced installation costs and,
therefore, increased availability to potential users.
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How MicroRNAs Modify Protein Production
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OVERVIEW

It is generally accepted that the flow of genetic information from genomic DNA to functional protein is not unidirectional and linear. Rather, numerous molecular pathways
regulate the processes of replication, transcription, and
translation to fine-tune the output of protein-coding genes.
Specifically, RNA interference is a biological process in
which specialized small RNAs—short interfering RNAs
(siRNAs) or microRNAs (miRNAs)—posttranscriptionally regulate the expression of specific target genes. In the December
2013 Research Techniques Made Simple, Nambudiri and
Widlund described siRNAs and applications in investigative
dermatology (Nambudiri and Widlund, 2013). Here, we outline how miRNAs modulate expression of genes relevant to
skin pathology by inhibiting protein translation.
INTRODUCTION

miRNAs are short (~22-nucleotide) double-stranded RNAs
that mediate key biological and developmental processes
by binding with imperfect complementarity to specific sites
within their target genes to induce repression of gene expression. The mechanism of various miRNAs’ actions is similar,
irrespective of the nucleotide sequence or the gene target.
miRNAs are thought to regulate more than a third of all genes

WHAT miRNAs DO
• miRNAs modulate transcription and repress
translation, providing a level of control before the
production of protein can exert biological effects.
• A single miRNA can have multiple targets,
potentially providing simultaneous regulation of
many genes involved in a physiological pathway.
• Multiple miRNAs with the same target reinforce the
developmental program via redundant effectors of
regulation.

LIMITATIONS
• Delivery: Because miRNAs do not freely diffuse into
cells, special delivery approaches may be needed
for both experimental and therapeutic design.
• Instability: Small RNAs are unstable and may be
degraded upon entering a cell.
• Off-target effects: miRNA therapy can target
an array of different gene products, with the
possibility of undesired effects.
(Lewis et al., 2005), and they may exert their effects in a coordinate fashion; that is, multiple miRNAs may target and regulate a single, specific gene transcript (Figure 1a). Conversely,
a single miRNA can bind to and repress the expression of
hundreds or even thousands of target transcripts (Figure 1b),
enabling miRNAs to simultaneously regulate multiple genes
within a single physiological pathway (Webster et al., 2009).
THE DISCOVERY

Figure 1. Mode of action of microRNAs. (a) Multiple miRNAs can
work together to target and regulate a single, specific gene transcript in a
coordinate fashion, thereby reinforcing the developmental program via
redundant effectors of regulation. (b) A single miRNA can have multiple
mRNA targets, potentially providing simultaneous and powerful control of a
single physiological pathway by regulation of multiple target genes relevant
to that process (e.g., proteins A, B, and C).

In a landmark discovery, Lee and co-workers identified that
lin-4, a gene critically implicated in Caenorhabditis elegans
larval development, does not code for a protein but rather
controls the expression of RNA species, one of which is of
22-nucleotide base length. Crucially, the group found that
lin-4 RNAs had antisense complementarity to multiple sites
in the 3′ untranslated region (3′ UTR) of the lin-14 mRNA
(Lee et al., 1993) that had earlier been suggested to control
lin-14 expression (Ambros, 1989). Furthermore, LIN-14 protein levels were found to be inversely proportional to those
of lin-4 RNA, suggesting that as a regulatory small RNA (a
miRNA), lin-4 might regulate LIN-14 protein expression dur-
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ing development. Together, these discoveries suggested a
model in which lin-4, the first characterized miRNA, binds
to the lin-14 3′ UTR of mRNA in a complementary fashion
to dictate translational repression of the lin-14 transcript and
control the basic biology of nematode development. More
recently, many miRNAs have been found to be conserved
across species, including humans, and there is an everincreasing awareness of and interest in the critical roles that
they play in controlling both normal and disease physiology,
including many diverse areas of medicine such as cancer
biology, cardiology, and dermatology.
miRNA BIOGENESIS, PROCESSING, AND TARGET
RECOGNITION

miRNA biogenesis involves a sequential series of processes,
each of which can be tightly regulated within a given cell.
miRNA genes, contained within the introns of other genes
(intragenic) or in intergenic regions, are transcribed by RNA
polymerase II to produce a long primary RNA transcript (primiRNA). With base complementarity, the pri-miRNA transcript forms a hairpin that is then sequentially processed by
Drosha/Pasha (Dgcr8) in the nucleus to produce a precursor
miRNA (pre-miRNA) hairpin, which is next exported from
the nucleus by the exportin 5 complex. Once in the cytoplasm, Dicer cleaves the pre-miRNA hairpin loop (Lee et al.,
2003). One strand of the miRNA duplex (the “guide” strand)
loads on the argonaute protein, forming the miRNA silencing complex, which targets specific mRNAs by two proposed
mechanisms of action: mRNA destabilization and decay or
translational repression (Figure 2).
One of the factors that determine whether an miRNA targets a specific mRNA is the degree of complementarity in
base pairing between miRNA and mRNA. Extensive pairing
between the miRNA and mRNA-3′ UTR typically induces
mRNA destabilization, thereby altering the cell’s transcriptional profile. mRNA destabilization occurs through recruit-

Figure 2. MicroRNA processing. MicroRNAs are sequentially processed in
both the nucleus (DROSHA/PASHA) and the cytoplasm (Dicer). After the premiRNA hairpin is exported from the nucleus by exportin 5, Dicer cleaves the
hairpin loop. The miRNA silencing complex (miRNA and argonaute protein)
targets specific mRNAs at the 3′ untranslated region (3′ UTR) and modifies
protein expression by two mechanisms: mRNA destabilization and decay or
translational repression. The deadenylase complex (deA) deadenylates the
transcript by removal of the poly-A tail. This destabilizes the mRNA and also
inhibits translation initiation.

© 2015 The Society for Investigative Dermatology

ment of adapter proteins and deadenylase complex, which
deadenylates the transcript (breaking down the poly-A tail) to
inhibit translation initiation. Alternatively, less extensive base
pairing can halt mRNA translation if the minimum binding
requirement, known as the 7-base seed sequence, between
the miRNA and the 3′ UTR of the target mRNA is fulfilled.
In this manner, miRNAs may act as a “brake” to upregulated
cellular responses by modulating both mRNA and protein
levels of effector molecules critical to these processes.
IDENTIFICATION OF miRNA TARGETS

There are four steps required for the identification of miRNAs
and their subsequent physiologic characterization (Figure
3). First, expression profiling of miRNAs is accomplished
with miRNA arrays or quantitative RT-PCR assays designed
to detect and accurately quantify mature miRNAs in genetic material extracted from cell lines or tissue. Second, after
miRNA expression profiling produces the data set of differentially regulated miRNAs (e.g., between control and
diseased tissue), target prediction analysis follows to identify candidate gene targets for individual miRNAs of interest.
This is accomplished using computational methods such as
TargetScan (http://www.targetscan.org) or miRBase (http://
www.mirbase.org). These database tools predict biological
targets of miRNAs by searching for the presence of sites that
match the seed region of each miRNA. Third, in vitro target
validation, by a luciferase reporter assay, confirms the functional ability of a given miRNA to bind to the predicted 3′
UTR target sequence and repress protein production (as indicated by a decreased reporter signal) (Figure 4). Mutations in
the 3′ UTR luciferase reporter would abrogate any changes
in reporter gene expression induced by cotransfection of an
miRNA targeting the site of interest. Fourth, phenotypic confirmation is used to functionally characterize the miRNA–
mRNA interaction using methods of protein detection, such
as western blotting. miRNAs are transfected into cells to turn
down protein production, detected by a band of decreased
intensity on a western blot. This effect can be reversed by

Figure 3. Four steps for miRNA identification and characterization. (1)
miRNA identification is accomplished with miRNA arrays or quantitative
RT-PCR assays. (2) Target prediction uses computational methods such
as TargetScan or miRBase. (3) Target validation, by a luciferase reporter
assay, highlights the functional ability of miRNA to bind to the predicted 3′
untranslated region (3′ UTR) target sequence and repress protein production
(decreased signal). (4) Phenotypic confirmation is performed by western
blots, which detect the level of proteins. miRNAs (miR), which turn down
protein production, would decrease the band intensity (lane 2). This can
be reversed by anti-microRNAs (anti-miR) or antagomiRs, oligonucleotides
designed to antagonize the role of miRNAs through antisense
complementary base pairing (lane 4).
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Figure 5. Breakthrough discoveries in miRNA biology. The timeline focuses
on the field of dermatology.

Figure 4. 3′ Untranslated region (3′ UTR) luciferase assay to validate the
interaction between a microRNA and its target 3′ UTR. MicroRNA mimics
and a vector containing a chimeric reporter gene consisting of luciferase
fused to the 3′ UTR for a specific gene of interest are introduced into cells
by transfection. (A) If the microRNA does not interact with the transcript,
translation and subsequent production of the protein product occur. The
luciferase product may then be detected with a luminometer. (B) If the
microRNA specifically targets the transcript through complementary base
pairing, then luciferase protein product is not produced. Thus, little or
no luciferase signal is detected, representing an interaction between the
microRNA and the 3′ UTR.

anti-microRNAs, or antagomiRs, oligonucleotides designed
to antagonize the activity of a given miRNA through antisense complementary base pairing.
RELEVANCE OF miRNAs TO DERMATOLOGY

miRNAs are critical both for the normal development of the
integumentary system and in diseases involving the skin.
Initial investigations of the role of miRNAs in skin focused at
the level of miRNA biogenesis and processing. Because the
essential enzymes Dicer and Dgcr are inextricably linked to
miRNA processing (Figure 2; see also “miRNA Biogenesis,
Processing, and Target Recognition” above), their loss led
to global depletion of miRNAs. Because mice that constitutively lacked Dicer or Dgcr8 died during early embryogenesis, before the development of the integumentary system,
the Cre-loxP technology was employed to restrict the loss
of these components to the skin alone at later stages. Under
the control of the keratin 14 promoter, which is expressed
specifically in the basal layer of the epidermis, epidermalspecific deletion of Dicer or Dgcr8 in embryonic skin progenitors in murine models perturbed epidermal organization,
dermal papillae formation, and the architecture of the developing hair follicle, emphasizing the importance of miRNAs
in morphogenesis (Yi et al., 2006, 2009). More recently, specific miRNAs were identified as playing a role in the developing skin. The epithelium is both stratified and dynamic, with
deeper stem cells differentiating, becoming suprabasal, and
requiring miRNA control. Specifically, miR-203, identified as
a master regulator of epidermal differentiation, restricts stemness by targeting and suppressing expression of the stem cellmarker p63 (Yi et al., 2008).
miRNAs with roles in skin development have also been
identified in disease states that involve impaired tissue
homeostasis (Figure 5). Recently, a study by Noguchi and
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colleagues identified and characterized the role of miR-203
in malignant melanoma. Following a miRNA profiling array
that identified decreased miR-203 expression in human and
canine malignant melanoma samples (Noguchi et al., 2013),
the group defined a role for this miRNA in melanocyte biology, specifically in melanosome transport and melanogenesis (Noguchi et al., 2014). The study confirmed that miR-203
acts as a tumor suppressor by demonstrating its ability to negatively influence the proliferation of two human melanoma
cell lines, Mewo and A2058, after the miRNA was introduced
into the cell by transfection (Figure 6a). Furthermore, miR203 transfection induced pigmentation of the cells (Figure
6b and c), which led to the hypothesis that miR-203 impacts
melanogenesis via melanosome transport mechanisms. The
computational miRNA target prediction algorithm TargetScan
was used to predict the candidate targets of miR-203, and this
analysis suggested that members of the kinesin family (kifs),
responsible for intracellular transport of melanosomes, were
targets of miR-203. To validate these predicted targets, luciferase assays were performed in which miR-203 significantly
suppressed luciferase activities when the 3′ UTR of kif2a or
kif5b was present (Figure 6e). To confirm the specificity of the
interaction, mutation of the putative miRNA-binding region
within the target 3′ UTR markedly abolished the effect of
miR-203 (Figure 6e). These findings indicate that miR-203
modulates kinesin production, at both the mRNA and protein
levels, effects that were reversed by anti-miR-203 (Figure 6c,
d, and f). Results from this study suggest that miR-203 plays
a pivotal role in melanoma development, and future experimental efforts will provide further insight into the functional
role of this and other miRNAs in the melanoma setting.
FUTURE POTENTIAL FOR miRNAs IN DERMATOLOGY

Although miRNAs have been best characterized in melanoma (Poliseno et al., 2012; Fleming et al., 2014), their
roles in the skin extend beyond the field of cancer biology.
miRNAs have also been implicated in psoriasis, atopic eczema, and Sézary syndrome (Sonkoly et al., 2007; Ballabio et
al., 2010; Guinea-Viniegra et al., 2014). With the advancement of the field, we will better understand how miRNAs
regulate these processes. Increased understanding of mRNAs’
contribution to disease will aid in the development of
miRNA-targeted therapy in the future, as well as exploitation of
miRNAs as clinical biomarkers. Yet, many therapeutic
challenges remain: therapeutic delivery, instability, and
non-specificity. miRNA therapy, which targets an array of
© 2015 The Society for Investigative Dermatology
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QUESTIONS
This article has been approved for 1 hour of Category 1 CME credit.
To take the quiz, with or without CME credit, follow the link under
the “CME ACCREDITATION” heading.
For each question, more than one answer may be correct.

Figure 6. miR-203 regulates kinesin at the miRNA and protein levels.
(a) Exogenous miR-203 suppressed the growth of melanoma cells. (b) Mewo
cells stained with Masson–Fontana ammoniacal silver stain shows increased
pigmentation. Bar = 20 μm. (c) Expression levels of various proteins by
western blotting. Melan-A (Melanoma-antigen), HMB45 (melanosome
marker), TYR (tyrosinase), kif (kinesins). (d) mRNA expression levels of kif2a
and kif5b in Mewo cells were downregulated by exogenous miR-203. (e)
Relative luciferase activities after cotransfection with control miR or miR-203
and each of the sensor vectors having the 3′-untranslated region of kif2a or
kif5b. (f) Expression levels of various proteins by western blotting. The assays
were performed at 96 (Mewo) or 72 (A2058) hours after the transfection.
Values were determined for differences between the cells transfected with
control miR and those transfected with miR-203 inhibitor. Data are expressed
as the mean + SD (n = 3). Cont, control. *P < 0.05 and **P < 0.01. Adapted
from Noguchi et al. (2014).

different gene products, carries with it the possibility of
off-target, undesired, and nonphysiological effects. As we
tackle future challenges, scientists may be able to therapeutically modulate pathogenesis by way of miRNAs or their
antagomiRs. The future seems bright with the recent promising work of scientists who have successfully controlled psoriasis in murine models with such oligonucleotides (GuineaViniegra et al., 2014), and therapeutic delivery of miRNA
mimics or antagomiRs has entered human clinical trials for
cancer and other diseases (https://clinicaltrials.gov). miRNAs
hold considerable promise as biomarkers of dermatologic
diseases in addition to their potential as tiny “magic bullets”
to normalize gene expression in an array of skin pathologies.
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1. What is the typical length of miRNA nucleotides
and its SEED sequence?
A. 22; 7.
B. 40; 22.
C. 7; 22.
D. 8; 7.
2.	miRNA regulation involves which level(s) of control?
A. DNA replication.
B. mRNA destabilization.
C. Protein repression.
D. Both B and C.
3.	Describe the mechanism of action of miRNAs.
A. miRNAs use adapter proteins to interfere with
replication.
B. miRNAs cause destabilization of mRNA
		
and inhibit translation initiation.
C. miRNAs usurp the polymerase II machinery to
decrease its activity and lower the levels of the
endogenous mRNA.
D. miRNAs rely on anti-microRNAs to potentiate
their effects.
4.	The best assay to identify whether a specific miRNA
targets a particular transcript is which of the
following?
A. PCR.
B. Western blot.
C. MicroArray.
D. Luciferase assay.
5.	When a specific miRNA interacts with its target
3′ UTR in a luciferase assay, the reporter signal
A. Increases.
B. Decreases.
C. Stays the same.
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What Is a Pragmatic Clinical Trial?
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introduction

This article summarizes the scientific concepts underlying
pragmatic clinical trials as a research technique that is worthy
of wider use in dermatology.
Pragmatic trials

Pragmatic clinical trials seek to determine the effectiveness
of an intervention in a real-world setting to inform clinical
decision making (Roland and Torgerson, 1998). Researchers
designing pragmatic trials take particular care to ensure that
the study population is as similar as possible to the population
on which the intervention is meant to be used (external validity), reflecting the normal range of diversity in disease severity,
comorbidities, age, sex, and social and ethnic groups seen in
everyday clinical practice. Pragmatic trials also ensure that the
sorts of interventions tested can be plausibly rolled out in clinical practice and that the outcomes used to assess effectiveness
are valid and easily understood by a range of users, including
clinicians, patients, policy makers, and health commissioners.
Pragmatic clinical trial patients may also be used to test “strategies” or treatment policies rather than one specific drug at a
time. For example, the BLISTER (Bullous Pemphigoid Steroids
and Tetracyclines Study) randomized controlled trial tests the
policy of starting treatment for bullous pemphigoid patients
with either doxycycline or prednisolone (Chalmers et al.,
2015). The policy evaluates the trade-off between the shortterm smaller benefit for blister control, as might be anticipated
for doxycycline, and the long-term safety concerns that may
disadvantage patients randomized to prednisolone. It does not
matter whether the dose of prednisolone is altered during the
study as would normally occur in clinical practice, nor does it
matter if some of the patients initially randomized to the stratTable 1. PICOT comparison—a comparison of pragmatic versus explanatory trials in dermatology in terms of their five main components: patients,
intervention, comparison, outcome, and time of assessment
Pragmatic trial: tests effectiveness

Explanatory trial: test’s efficacy

Real-life patients

Homogeneous patients

Flexible intervention with changes

Tightly defined intervention

Active comparator instead of
placebo

Clearly defined control group, often
placebo

Clinically important outcomes

Objective/surrogate outcomes

Longer-term follow-up times
(e.g., 6 months)

Short-term follow-up time
(e.g., 6 weeks)

What Pragmatic Clinical Trials Do
• Pragmatic clinical trials seek to answer important
questions that are applicable to everyday clinical
practice.
• The design of pragmatic trials aims to test an
intervention in a study environment that is closer
to real life in terms of study population,
intervention, comparator, and outcomes.
• Pragmatic trials must still adhere to the stringent
trial methods for minimizing selection,
performance, information, attrition, selective
outcome reporting, and publication bias.
• Pragmatic trials must be prospectively registered
and reported fully according to the pragmatic trials
extension of the CONSORT statement.
• The PRECIS tool is one method for assessing
where on the pragmatic–explanatory continuum
a trial resides and which aspects are more
pragmatic or explanatory.
• More pragmatic trials should be considered
in dermatology so that they better inform
patient care.
•

limitations
•

• Pragmatic clinical trials can cost more than
explanatory trials, and may require a more
complex study design.
• The majority of clinical trials are neither entirely
pragmatic nor entirely explanatory—they are part
of a continuum.
• Pragmatic trials are not suitable for early trials
that seek to explore whether a new experimental
intervention shows any biological effect.
egy of starting with doxycycline are switched subsequently to
prednisolone—what matters is a comparison of the two strategies to which the participants were originally randomized.
Cost-effectiveness analysis is usually a key component of pragmatic trials to enable care providers to make informed decisions on value for money (Thomas et al., 2006).
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Explanatory trials

Explanatory clinical trials, on the other hand, seek to determine the efficacy of an intervention under ideal conditions.
Participants are often a highly selected and homogenous group
exhibiting good compliance, and are usually recruited in secondary or tertiary care (Treweek and Zwarenstein, 2009).
Participants are more likely to remain in the study, typically
have only the target condition, and are subject to strict dosing
schedules and monitoring. Explanatory trials are deliberately
designed to give the maximum chance of showing an effect,
if one is present. Outcomes may include cellular markers that
explore disease mechanisms (Papp et al., 2012), as well as composite clinical scales for assessing clinical efficacy. Per protocol
analysis tends to be carried out and cost-effectiveness analyses
are unusual. Explanatory trials thus typically answer the question “can this treatment work under ideal conditions?” They usually precede pragmatic trials which then ask “we now know it
can work, but how well does it work in real world clinical practice?” Table 1 shows the contrasting features between a typical
pragmatic and explanatory trial in terms of patients, intervention, comparison, outcome and time of assessment (PICOT
framework).
The pragmatic/explanatory continuum and the
PRECIS wheel

Having described the main differences between pragmatic
and explanatory trials to aid understanding of their underlying
concepts, it is important to recognize the limitations of such a
dichotomous approach because most trials contain components
of both approaches. This concept of a continuum has led to the
development of a useful method to assess the degree of pragmatism when designing a clinical trial, called the Pragmatic–
Explanatory Continuum Indicator Summary (PRECIS) tool
(Thorpe et al., 2009). Figure 1 shows how investigators of the
BLISTER trial (www.blistertrial.co.uk) rated the degree of pragFlexibility of the
comparison
intervention

Practitioner
expertise
(experimental)
Flexibility of the
experimental
intervention

Practitioner
expertise
(comparison)

matism for 10 features on the PRECIS tool (Bratton et al., 2012).
For example, flexibility of the experimental intervention that
permitted investigators to alter the dose of oral corticosteroids
for bullous pemphigoid patients in a way that reflected normal
clinical practice resulted in a mean score toward the outer pragmatic boundary of the PRECIS wheel, whereas the domain of
“eligibility criteria” scored somewhere between the pragmatic
outer boundary and the explanatory center of the wheel—probably as a result of exclusion of patients with dementia. The
resultant diagrams, which resemble spiderwebs, provide an
immediate visual guide as to how pragmatic a study is overall
and where the most pragmatic elements reside. Highly explanatory trials show a “web” that is closely tucked into the center,
whereas pragmatic trials are dispersed toward the periphery.
The PRECIS wheel can be used both at the design stage and
when trying to assess the degree of pragmatism in an ongoing or
published study (Bratton et al., 2012).
Limitations of the technique

There is a perception that pragmatic trials are equivalent to saying that “anything goes.” Although this is true for some aspects,
such as allowing flexible dosing for reasons of safety and to
mimic how the intervention might be delivered in clinical
practice, all critical aspects to reduce bias—e.g., randomization, blinding, treating both groups equally, and analyzing all
those originally randomized—must be adhered to (Williams
and Gilchrest, 2015). Sometimes blinding of the intervention (as
in surgical procedures) is simply not possible, yet it is almost
always possible to ensure a blinded evaluation of outcome.
Pragmatic clinical trials are usually more expensive to conduct
than explanatory trials because they are typically larger in order
to identify minimally clinically important differences in reallife settings. They often require longer follow-up and additional
cost-effectiveness analyses, which can add to study complexity
and cost. Feasibility work or explanatory trials are often needed
before embarking on such studies. Like all study designs, there
are good and bad pragmatic studies, and like all clinical trials
published in the JID and elsewhere, they must be fully registered
and reported fully using the pragmatic-trials extension of the
Consolidated Standards of Reporting Trials (CONSORT; http://
www.consort-statement.org/extensions?ContentWidgetId=556)
so that the reader can judge study quality.
Which is best?

Follow-up
intensity

Eligibility
criteria

Outcomes

Primary
analysis

Participant
compliance

Practitioner
adherence

Figure 1. PRECIS wheel showing the mean of the scores given by BLISTER
trial management group members (solid line). Also presented are the most
explanatory scores (inner line) and most pragmatic scores (outer line) given
in each domain. Scores were plotted on the wheel using a simple pictureediting program (Bratton et al., 2012).
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Despite the widespread publication and acceptance of pragmatic clinical trials as the cornerstone of primary research for
health technology assessment in the top general medical journals (Thomas et al., 2013), they are still not widely understood
or conducted in dermatology, where explanatory trials still
appear to be the norm (Williams and Dellavalle, 2012). For
example, a PubMed search (11 February 2015) using the terms
“dermatology AND randomized AND pragmatic” found only
15 citations, of which only 5 were completed studies, compared
with an estimated 5,000 randomized controlled clinical trials in
dermatology as a whole. Perhaps the small yield of pragmatic
studies in the above search is due to the fact that many such
studies fail to mention the term “pragmatic” in the title or study
text, a feature that can be righted easily by making the design
© 2015 The Society for Investigative Dermatology
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clear in the study title and description. The choice of an explanatory or pragmatic design clearly depends on the perspective
of the question and where in the research cycle the technology being tested is positioned. New drugs or devices typically
require explanatory trials when testing whether the intervention demonstrates clinical benefit against vehicle or placebo.
Placebo-controlled explanatory trials rarely inform clinical
practice because it is unusual to use placebos in clinical practice and because patients are not typically perfectly adherent to
the prescribed treatment for various reasons. Those interventions
that have shown efficacy against placebo should then be tested
for effectiveness against active comparators using pragmatic
designs. Pragmatic clinical trials are the cornerstone of the comparative effectiveness agenda (Agency for Healthcare Research
and Quality), which has gained significant funds from the 2009
US Government American Recovery and Reinvestment Act (Sox
and Greenfield, 2009). Most of the definitive national clinical
trials funded by the UK National Institute of Health Research
Health Technology Assessment Board are also pragmatic in
nature (http://www.nets.nihr.ac.uk/programmes/hta).
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1. What is NOT a typical component of a pragmatic
trial?
A. Designed to assess clinical effectiveness.
B. Highly selected patients with no comorbidities.
C. Includes study population similar to real-life
population.
D. Cost-effectiveness analysis.
2. What is the main aim of an explanatory trial?
A. To compare strategies of treatment.
B. To evaluate how the intervention will work in
everyday clinical practice.
C. To determine efficacy.
D. To assess rare adverse effects.
3.	Most trials in clinical dermatology can be
considered
A. Pragmatic.
B. Explanatory.
C. Neither A nor B.
D. A continuum of A and B.
4. Which statement regarding the PRECIS tool is
correct?
A. The acronym stands for Pragmatic-Explanatory
Continuum Indicator Summary tool.
B. It provides a numerical rating of pragmatism.
C. It contains eight assessment features.
D. Explanatory trials show a “web” towards the
periphery.
5. Which statement is true regarding a pragmatic trial?
A. They are typically more costly due to trial size
and cost-effectiveness analysis.
B. They often require background feasibility or
explanatory work beforehand.
C. They are the cornerstone of the comparative
effectiveness agenda.
D. All of the above.
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introduction

With rising health-care costs and a growth of pharmaceutical options, health professionals are continuously looking
for better and more comprehensive methods to evaluate
treatments. In recent years, the term “drug survival” (DS) has
made its way through the field of dermatology. This methodological approach, which is based on regular Kaplan–Meier
survival analysis, has its roots in rheumatology, where it was
first described in 1991 (Wijnands et al., 1991). The method
of DS has only relatively recently emerged in dermatology,
with most publications limited to biological treatments for
psoriasis. In addition, different synonyms have been used to
describe DS, such as “drug retention,” “drug longevity” or
the incorrectly used “drug adherence.” For these reasons, not
all dermatologists may be familiar with this topic.
Our aim here is to provide an overview of the principles,
purposes, and pitfalls of DS analysis to guide physicians in
reading and interpreting DS studies.
WHY USE DRUG SURVIVAL?

DS is a comprehensive outcome covering effectiveness, safety,
and patients’ and doctors’ preferences. Identifying drugs with
long survival rates as well as ways to prolong DS is therefore
important. It is particularly suitable for chronic diseases that
require long-term treatment.

WHAT DRUG SURVIVAL ANALYSIS DOES
• Aims to explore the time on drug (drug survival)
using the Kaplan–Meier survival technique, which
allows for censoring.
• Applies to most chronic diseases in which long
drug survival is desired but has been explored
mainly in the field of biologics.
• With additional Cox regression analysis, predictors
associated with drug survival can be identified.
•

limitations
•

• Factors that change in time, such as the number of
treatment alternatives, may influence drug survival
and may be difficult to correct for.
• Identified predictors provide information on a
potential association, but do not automatically
show a causal link with drug survival.
• Behavior can influence drug survival significantly.
However, identifying behavioral factors
influencing survival can be the topic of interest of
a study as well.
100

In brief, DS is the time patients remain on a specific drug,
investigated using the technique of survival analysis. Survival
analysis is a method to analyze longitudinal data for the
occurrence of an “event” (Bland and Altman, 1998; Wakkee
et al., 2014). It is frequently used in oncology, and in this
context, the event typically refers to the death of a patient or
to disease progression (Yin et al., 2014). In DS, it refers to the
actual discontinuation of a drug. Survival probabilities can
be visualized with Kaplan–Meier curves, also widely known
from oncology research (Figure 1). Figure 2 provides a translation of these classic curves to DS.
HOW TO PERFORM DRUG SURVIVAL?

If a patient experiences an event (drug discontinuation) at a spe-

Cumulative survival (%)

WHAT IS DRUG SURVIVAL?

n = 116, events=8

90
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80

70
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NUG = 1
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0
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n = 367, events=33

n = 52, events=11

100

150

200

Survival Time (months)

Figure 1. Melanoma-specific survival (log-rank P = 0.057). Example of
classic Kaplan–Meier survival curve (oncology). Kaplan–Meier survival
analysis for cutaneous melanoma overall survival by 0, 1, 2, and 3/4 NUG
(number of unfavorable genotypes). The steps (events) in this survival curve
refer to the death of a patient (Yin et al., 2014).
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Figure 2. Explanation of Kaplan–Meier drug survival curve. Kaplan–Meier
drug survival analysis. Explanation of features of a drug survival curve.

cific time point in the study period, this leads to a step down in
the Kaplan–Meier curve at that time point (Figure 2). If a patient
has a shorter follow-up than the time frame of the survival analysis, the patient is “censored” and information is incorporated
only up to the end of follow-up. Censoring is visualized by a tick
mark in the curve (Figure 2). The ability to deal with censoring is
an important feature of Kaplan–Meier survival analysis because
information about patients with different follow-up periods can
be fully incorporated in the model. The proportion of patients
still “on drug” can be estimated for specific time intervals. For
each time interval, the estimated probability that those who
have survived from the beginning of that interval will survive
to the end is calculated. This is a conditional probability (Bland
and Altman, 1998). A general rule of thumb in survival analysis
is that at least 10–20 events must be present in each survival
curve for it to be valid. Survival curves of different groups, for
instance, the DS of two different drugs, can be compared using
the nonparametric log-rank test (Mantel–Cox test).
Three assumptions must be fulfilled when calculating survival rates: (i) at any time point, the patients who are censored
have the same (drug) survival prospects as the ones who continue, (ii) survival probabilities are stable throughout the whole
period under study, and (iii) the time of event is precisely measured (Bland and Altman, 1998).
With survival analysis we can estimate the impact of
explanatory variables on the risk of discontinuation of a drug.
Thus, variables that are predictive of long or short DS can be
identified. This can be done using multivariable Cox regression
analysis (Wakkee et al., 2014). Of note, the number of variables
that can enter a multivariable Cox regression model is limited
to at most 10% of the number of observed events. Predictors
are usually described with hazard ratios (HRs). HRs describe the
chance of an event in one group divided by the chance of an
event in the reference group. For instance, if males have an HR
of 1.5, it means that they have 1.5 times more chance of shorter
drug use than females (reference group). Vice versa, HRs less
than 1 correspond to the chance of longer drug use. Moreover,
Cox regression analysis can be used to correct for confounding in DS. Adjusted survival curves can be obtained from Cox
regression analysis, and can be presented next to the crude
Kaplan–Meier survival curves.
WHEN CAN WE USE A DRUG SURVIVAL ANALYSIS?

DS studies have been used and analyzed for various purposes: head-to-head comparisons between drugs were the first to
be described in the literature and still form a major purpose
© 2015 The Society for Investigative Dermatology

Figure 3. Etanercept one-year drug survival (2005–2013) divided into
four time frames. Kaplan–Meier drug survival analysis. Drug survival of
etanercept, extracted from the BioCAPTURE registry, a Dutch daily practice
biologics registry of psoriasis patients (van den Reek et al., 2014), divided
for different time periods of initiation of etanercept. Historical occurrences
thought to have had an influence on drug survival are described in the boxes.

(Wijnands et al., 1991). When different equivalent drugs are
prescribed in equivalent patient populations, identifying those
with the longest DS rates can be helpful in clinical decision
making. Subanalyses split for different reasons of discontinuation can be performed to deepen insight in DS. For instance,
if patients frequently stop because of side effects, but also
owing to ineffectiveness or disease remission, we should
incorporate this important information in our (sub)analyses. If
one is interested only in discontinuations due to a particular
event, such as discontinuation because of side effects only, all
discontinuations for other reasons should be censored.
Second, the distillation of predictors that are associated
with the DS of a drug is an important purpose. Useful predictors for clinical practice can be used to select those patients
who will benefit most from a certain drug. For instance, if we
know that male sex is a strong positive predictor for drug survival of a certain drug, we could retain the drug for males and
try to find an alternative drug for females.
Third, studying and comparing DS of different (disease) groups may provide insight into whether we can
exchange knowledge between those groups. Comparisons
of DS between disease groups have been published (e.g.,
DS of anti–tumor necrosis factor in three rheumatic diseases) (Heiberg et al., 2008). Information from other diseases or
specialties using the same drug is frequently adopted without
the knowledge of whether this information is actually interchangeable.
Finally, to improve comprehensiveness of DS, our group
recently combined DS rates with a quality-of life-measure
(DLQI) and named it “happy” drug survival (van den Reek et
al., 2014). As we put effort in prolonging DS rates, we think
it is also important to know whether being on drug is compatible with acceptable quality-of-life rates. Of course, other
quality-of-life measures can be used instead of DLQI.
In dermatology, publications on DS have been mainly
limited to evaluating biologicals in psoriasis. Recently, a study
on fumaric acid esters in psoriasis was published, showing
that this methodology can be adapted to other drugs in dermatology (Ismail et al., 2014).
www.jidonline.org
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Table 1. Seven suggestions for harmonizing drug survival
studies
Suggestion

Example

1. Clearly describe population,
group characteristics, time frame
of analysis, reimbursement
criteria, and existence of a drug
preference policy

“All Dutch psoriasis patients eligible
for biologics using the European
reimbursement criteria starting
adalimumab between 2011 and
2013 were included. No drug preference policy existed. Patient and
treatment characteristics are shown
in Table x”

2. Diminish exclusion criteria and,
instead, perform subanalyses
of interest and/or multivariable
regression analysis incorporating
intended excluded groups

Do not exclude biologic-naive patients beforehand; instead, present
all data and compare two groups
(naive versus nonnaive) or analyze
influence of naivety

3. Identify possible confounders
and discuss their influence

Discuss the possible influence
that the introduction of new drugs
throughout the study period has
on DS

4. Where possible, correct for
confounders by means of multivariable regression analysis

If different drugs (etanercept and
adalimumab) are compared, correct
for existing differences between
groups (e.g., biologics naivety or
age)

5. Perform sensitivity analyses
where needed

Perform analyses with two different
cutoff points of ustekinumab (drug
with a long half-life): date of last
injection versus date of last injection + t)

6. Cut off analyses at the moment
when a limited amount of
patients becomes apparent at a
specific time point

If only a few patients remain after
5 years, censor the analysis at an
earlier stage

7. Split for reasons of discontinuation if possible

If patients discontinue mainly
because of, for example, ineffectiveness and side effects; perform
sensitivity analyses for these reasons
separately

PITFALLS OF DRUG SURVIVAL ANALYSIS

DS studies have certain limitations that should be considered
when performing or reading such studies.
Behavioral factors

DS is influenced by the behavior of physicians and patients.
Some doctors or patients will directly stop a drug in case of side
effects, whereas others tend to accept more side effects or risks
and continue a drug. Also, decreased treatment adherence can
indirectly influence drug survival: when nonadherent patients
experience decreased effectiveness, doctors probably switch to
a different drug because they may not be aware of nonadherence. However, identifying behavioral factors that influence DS
can be the topic of interest of a study as well and is not always
a “pitfall.”
Influence of alternating trends

The number of available alternatives probably influences doctors’ decisions (Aletaha, 2009; Heiberg et al., 2008). With a
limited number of drugs to switch to, doctors will maximize
their efforts to keep patients on a specific drug. We supported

44

Journal of Investigative Dermatology (2015), Volume 135

QUESTIONS
This article has been approved for 1 hour of Category 1 CME credit. To
take the quiz, with or without CME credit, follow the link under the “CME
ACCREDITATION” heading.
For each question, more than one answer may be correct.

1. What is drug survival?
A. The half-life of a drug.
B. The time patients remain “on drug.”
C. The number of patients surviving treatment
with a drug.
D. The percentage of responders on a drug.
2. How can different follow-up times of patients be
combined in survival analysis?
A. The method of “censoring” can be applied,
incorporating all information until the end of
follow-up of each individual patient.
B. All patients must have the same follow-up time;
otherwise, survival cannot be analyzed.
C. The patient with the shortest follow-up time is
leading; that period should be chosen as the
maximum duration of the survival analysis.
D. The method of last observation carried forward
should be applied; follow-up time of patients
with short follow-up can be extended with the
information available.
3. What can be used to estimate the required sample
size for a reliable survival analysis?
A. Survival studies can only be used for samples
with at least 100 patients.
B. The number of events determines the power of
survival analyses. A general rule of thumb in
survival analysis is that at least 10–20 events
must be present in each survival curve.
C. The number of patients determines the power of
survival analyses. At least 10–20 patients are
needed in each survival curve.
4.	If a body weight below 100 kg is a predictor of drug
survival with a hazard ratio of 0.5 (95% confidence
interval 0.4–0.6), what does this mean?
A. Patients with a body weight <100 kg have a
lower chance to stop the drug than patients
weighing >100 kg. Thus, <100 kg is predictive
for long DS.
B. Patients with a body weight >100 kg have a
lower chance to stop the drug than patients
weighing <100 kg. Thus >100 kg is predictive
for long DS.
C. Patients with a body weight <100 kg have 0.5%
chance of discontinuing treatment within the
analyzed period.
D. Patients with a body weight >100 kg have 0.5%
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chance of discontinuing treatment within the
analyzed period.
5. Which assumptions should be present in survival
analysis?
A. (i) At any time point, the patients who are
censored have the same survival prospects as
the ones who continue, (ii) survival probabilities
are stable throughout the whole study, and (iii)
the event corresponds with the specified time
and is not a raw estimation.
B. (i) At any time point, the patients who are
censored have the same survival prospects as
the ones who continue, (ii) survival probabilities
differ throughout the whole study, and (iii) the
event does not always correspond with the
specified time and is a raw estimation.
C. A and B are both incorrect.
this hypothesis with data of our psoriasis cohort by comparing
the etanercept DS of different time periods (2005–2013) (Figure
3). We think that important historical occurrences influenced
survival, such as the change in reimbursement criteria or the
introduction of new drugs. Evolving therapeutic aims could be
another explanation for these DS changes (Aletaha and Smolen,
2003). For example, in psoriasis this could be the tendency to
pursue higher effectiveness (PASI90 instead of PASI75) or the
tendency to incorporate quality-of-life measures in treatment
decisions.
The influence of alternating trends is particularly important
in head-to-head comparisons between agents that entered the
market at different moments in time. For a fair comparison,
we propose analyzing data from the moment that all agents
were equally available. This advice is in line with the following
assumption of survival analysis: “survival probabilities should
be the same for subjects recruited at any time point in the study”
(Bland and Altman, 1998). However, this advice may restrict
the evaluation time and consequently the statistical power of
the model because power depends on the number of events in
each group. When one prefers to present all available data, sensitivity analyses for restricted analyses should be presented as
well to illustrate the impact of violating the above-mentioned
assumption.
Predictor identification

The process of predictor identification highly depends on
the selection of candidate predictors and selection of study
population beforehand. If in one study the selection of predictors that entered the Cox regression model differed from
predictors in another study, the results cannot be directly
compared.
The selection of candidate predictors should be based
on their potential for clinical implementation. In general,
baseline characteristics of patients are most informative
because only these predictors can help the doctor at the
moment of initiating a drug (e.g., age). Predictors are also of
interest when they might increase DS. For instance, if high
© 2015 The Society for Investigative Dermatology

body weight is a predictor of lower DS, the patient could
be advised to lose weight or use a higher dose of the drug.
It must be noted that predictors only show association, not
necessarily causation; the use of predictors as an intervention therefore should be tested separately. It is important to
be aware of the context of a predictor. For instance, if use
of concomitant medication was found to be a predictor
but only nonresponders received concomitant medication
in that study, results will be biased. Importantly, no predictors may be selected in a standard Cox model that have not
been measured at baseline, or serious biases like these may
occur (immortal time bias) (Ho et al., 2013). Time-dependent
covariates might be part of the solution for this problem (Ho
et al., 2013).
Time of event

Because the event in a DS analysis depends on the date of
discontinuation, problems arise when analyzing drugs with
long half-lives. This is especially the case with the new-generation biologics (e.g., ustekinumab). In such cases, different
cutoff points can be chosen for the event: date of last administration versus date of last administration plus t½. We think
that both cutoff points should be analyzed separately to test
for robustness because this problem conflicts with the third
assumption of survival analysis mentioned above: “the time
of event is precisely measured.”
CONCLUSION

DS studies have proven to be highly informative in the
evaluation of rheumatological, dermatological, and
gastroenterological treatments. They have been mainly used
for head-to-head comparisons of different biologics, as well
as for the identification of predictors related to long DS of a
specific drug. The methodology of DS could be adapted to
other diseases and drugs in dermatology as well. DS analysis is a relatively simple method requiring, in general, easily
attainable information and is most suitable to analyze reallife situations. DS is more comprehensive than classic effectiveness analyses (PASI75). Moreover, in classic effectiveness
analyses, disease flares, discontinuations, or dropouts frequently lead to analytical problems.
Because methodological designs and inclusion criteria differ among published DS studies, these studies cannot
always simply be compared. Moreover, it must be kept in
mind that DS is influenced by behavioral factors and (dynamic) circumstances, such as the availability of therapeutic alternatives; these factors can violate the general assumptions of
survival analysis. In our opinion, correction for confounders
or sensitivity analyses should be carried out wherever possible.
This paper provides an overview of the methodology,
purposes, and limitations of DS specifically addressing the
field of dermatology. To make future DS studies more comparable and of high quality, we formulated seven suggestions to
harmonize outcomes (Table 1). For indexing and to prevent
false interpretations of the concept, we argue that the number of synonyms used should be reduced and we propose the
worldwide adoption of the term “drug survival.”
www.jidonline.org
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Databases for Clinical Research
Katrina Abuabara1 and David J. Margolis1,2
Journal of Investigative Dermatology (2014) 135, e35. doi:10.1038/jid.2015.213

DATABASES FOR CLINICAL RESEARCH

The growing availability of digital health data offers many
opportunities for clinical research. Studies drawing on electronic data are often efficient, although the usefulness and
validity of the data depend on the research question. We
briefly review types of epidemiologic study designs commonly used with patient databases and then describe the types of
electronic databases available, outline considerations for the
ad hoc design of new databases, and discuss potential limitations to consider when performing database research.
WHAT IS THE RESEARCH QUESTION?

Epidemiologic questions are often framed around an exposure and an outcome used to answer a predefined question.
The exposure can be an environmental exposure, medication, risk factor, or disease state. For example, does isotretinoin (exposure) cause irritable bowel disease (outcome)? Or,
is severe psoriasis (exposure) associated with an increased
risk of myocardial infarction (outcome)? Outcomes may refer
to the onset of a disease (incidence), presence of a disease
(prevalence), or severity or duration of a disease or symptom.
The research question and nature of the exposure and outcome variables should guide the choice of epidemiologic
study design.

WHAT DATABASES FOR CLINICAL
RESEARCH DO
• Electronic health data are increasingly available
and can offer an efficient means for clinical
research if used appropriately given the data
source’s limitations.
• The usefulness and validity of the data depend on
the research question.

limitations
• Imprecision, potential biases (including
information bias and selection bias), and
generalizability of the results are all limitations of
research conducted using databases.
• Currently, databases are generally more useful
for studying the incidence or prevalence of a
dermatologic disease than for studying disease
resolution or changes in disease severity over time.

STUDY DESIGNS

Epidemiologic study designs can be broadly categorized into
descriptive and analytical studies (Figure 1). Descriptive studies, such as case reports and case series, tend to be hypothesis
generating, and they ask questions about what, where, who,
and when. Alternatively, analytical studies tend to test hypotheses and answer questions about why and how. They include
both experimental studies (i.e., clinical trials) and observational studies (cross-sectional, cohort, and case–control designs)
(Vandenbroucke et al., 2007). Cross-sectional studies assess all
individuals in a sample at the same time point; the downside is
that they can’t ascertain the temporality of events and therefore
can’t be used to draw conclusions about causation. Cohort and
case–control designs follow individuals over time to ascertain
the relationship between an exposure and an outcome and differ in terms of whether the population is selected based on the
exposure (cohort study) or the outcome (case–control study).
Study design selection should be guided by the suitability of the
design for the research question at hand and by feasibility constraints. For a more complete description of epidemiologic study

Figure 1. Common epidemiologic study designs. RCT, randomized
controlled trial.

designs, we recommend an introductory textbook (Gordis,
2013). Electronic databases are most commonly used for observational studies, but they can also be used for experimental
studies (e.g., randomizing an intervention for patients within an
electronic medical record (EMR)) or descriptive studies (searching an EMR for a case series).
TYPES OF ELECTRONIC DATABASES

Electronic databases can be categorized by the source of the
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Table 1. Categories of electronic databases
Category

Examples (with selected dermatology-specific references)

Repurposed data
    Claims data
         Government insurers

US Medicare, US Medicaid, national health insurers (Huang et al., 2012)

         Commercial insurers

United HealthCare, Pharmetrics (Arellano et al., 2007), Humana, Aetna

    Electronic medical record data

UK general practice research databases (Gelfand et al., 2009; Langan et al., 2012); institution-specific databases
(e.g., Kaiser Permanente, Veterans Affairs Computerized Patient Record System)

    Registry data

Surveillance, Epidemiology, and End Results (Linos et al., 2009); Swedish Family Cancer Database (Chen et al., 2014)

Ad hoc data

Pediatric Eczema Elective Registry (Mockenhaupt et al., 2008); EuroSCAR (Mockenhaupt et al., 2008)

Hybrid data

Nurses’ Health Study, National Health Interview Survey, Veterans Affairs Million Veteran Program, HMO Research
Network, PatientsLikeMe

data (Table 1). One major distinction is whether the data are
repurposed (that is, originally generated for purposes other
than clinical research) or the result of an ad hoc design specific to an individual study. Data that can be used for clinical studies but that were originally designed for a different
research question fall somewhere in between and are referred
to as “hybrid data.”
Repurposed data

Repurposed data include both administrative claims data,
which are generated for billing purposes, and EMR data,
which are generated for the purposes of patient care.
Additionally, repurposed data include public health registry data such as cancer registries like the Surveillance,
Epidemiology, and End Results (SEER) program in the United
States and death registries that may be linked to claims or
EMRs.
Administrative claims data. Administrative claims data
include inpatient and outpatient medical record codes, and
these may be linked with pharmacy prescriptions and laboratory values. They often contain limited demographic and risk
factor information, and they may have variable follow-up,
especially in the United States, because patients frequently
change insurers. Claims have been widely used in health services research and pharmacoepidemiology, and they are best
suited to study outcomes that are easily captured by diagnostic codes such as procedures or acute events.

EMR Data. EMR data are essentially paperless, digital versions of patient charts generated for the purposes of clinical care. The number of office-based practices and hospitals
using EMR systems is increasing, yet there is a lack of standardization and interoperability. Like claims data, EMR data
are best suited to study outcomes that are easily captured by
diagnostic codes, yet they may offer the possibility of more
detailed data via manual review of physician notes or natural language processing systems. They are also likely to lack
routinely collected social and behavioral variables, although
efforts are underway to improve collection of these types of
data (Adler and Stead, 2015). Some EMRs may be representative of the general population and capture all of a patient’s
health-care interactions, such as the Clinical Research
Practice Datalink or the Health Improvement Network, both
large UK general-practice research databases. Others may
include only inpatient or specialty patient care.
Ad hoc data

Ad hoc data are generally designed for a particular study,
and they often take the form of a prospective cohort study
in which patients are selected for inclusion on the basis of
a particular diagnosis or exposure. For this reason, they are
often disease specific and may lack a control group.
Hybrid data

Large prospective cohort studies such as the Framingham
Heart Study and the Nurses’ Health Study may be considered hybrids between repurposed and ad hoc data because

Table 2. Considerations for the design of a patient database
Consistent data
collection

Systematic patient
enrollment and
follow-up

Provide clear, operational definitions of data elements. Create and distribute standard instructions to data collections. Use
standardized data element definitions and/or data dictionaries whenever possible—review the literature to identify existing,
widely used definitions before drafting new definitions
Enroll patients systematically and follow them in as unbiased a manner as possible, using similar procedures at all participating
sites. Describe how patients and providers were recruited into the study. Monitor and minimize loss to follow-up. Develop a
patient retention plan that documents when a patient will be considered lost to follow-up and what actions will be taken to
minimize such loss

Data quality assurance

Create structured training tools for data abstractors. Perform data quality checks for ranges and logical consistency for key
exposure and outcome variables

Data safety and
security

Provide transparency by describing data use agreements, informed consent, data security, and approaches to protecting
security including risk of identification of patients

Adapted from PCORI (2013).
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they represent large amounts of data that have been used
to test many hypotheses beyond the one they were originally designed to study. Similarly, national survey data are
available that typically offer cross-sectional snapshots of
patient-reported risk factors and health outcomes such as
the National Health Nutrition and Examination Survey
(NHANES) or the National Health Interview Survey. Finally,
a newer type of electronic health data is becoming available
via crowdsourcing (Ranard et al., 2014; Wicks et al., 2010).
These data are particularly useful for rare exposures or outcomes, but they are prone to selection bias and information
bias because they rely on patient self-reporting.
DESIGN OF A NEW AD HOC PATIENT DATABASE

The Patient-Centered Outcomes Research Initiative has outlined a number of general considerations for the design of a
patient database or registry (Table 2) (PCORI, 2013). Another
important consideration concerns patient selection. If possible, researchers should enroll all individuals who meet the
case definition (or a random selection of these individuals) to
ensure the external validity or generalizability of the results.
They may also consider using incident cases to help differentiate between exposures prior to and after the onset of disease. Finally, researchers should carefully consider whether a
comparison group will be enrolled and strive to ensure that
the comparison group is randomly selected from a comprehensive listing of the target population.
DISCUSSION

In using electronic data, several potential limitations must be
considered, including imprecision, potential sources of bias,
and the generalizability of the results.
Imprecision may arise from the study size or from the
measurement of exposures, confounders, or outcomes. A
variety of strategies, including detailed chart review and physician query, may be used to evaluate the validity of measurements in electronic databases. Dermatologic outcomes, in
particular, tend to be less conducive to precise measurement
in electronic databases because few diagnoses are based on
routinely collected data. A researcher studying hypertension,
for example, is likely to find more standardized data than a
researcher hoping to study changes in acne lesion counts.
Therefore, current databases are generally more useful for
studying the incidence or prevalence of dermatologic disease
than for studying disease resolution or changes in disease
severity over time. Standardization of outcome scales and/or
photographic assessments at regular intervals offer potential
for improvement.
Bias is a systematic deviation of a study’s result from a
true value. Typically, it is introduced during the design of a
study from flawed information or subject selection. There are
many types of bias; two that may be particularly relevant to
database studies include information bias and selection bias.
Information bias occurs where there are systematic differences in the accuracy or completeness of data leading to differential misclassification of individuals regarding exposures or
outcomes. For example, patients with a family history of mel-

© 2015 The Society for Investigative Dermatology

QUESTIONS
This article has been approved for 1 hour of Category 1 CME credit. To
take the quiz, with or without CME credit, follow the link under the “CME
ACCREDITATION” heading.
For each question, more than one answer may be correct.

1. Which of the following is not an example of an
analytical study?
A. Cross-sectional study.
B. Case series study.
C. Case–control study.
D. Cohort study.
2. Which of the following is the most important
consideration when choosing a database for
clinical research?
A. Whether the data come from an electronic
medical record.
B. Loss to follow-up.
C. The research question.
D. The generalizability of the population.
3. Which of the following is not a recommendation
regarding patient enrollment and follow-up in a new
longitudinal database (sometimes called a
patient registry)?
A. Use similar procedures at all sites.
B. Use validated outcome measures whenever
possible.
C. Never obtain emergency contact information.
D. Develop a patient retention plan.
4. Which of the following is an example of information
bias?
A. Patients with a family history of melanoma are
more likely to be recruited into a study.
B. Patients with a family history of melanoma are
more likely to receive skin checks and biopsies.
C. Patients with a family history of melanoma are
more likely to know whether they have a history
of atypical moles.
D. Patients with a family history of melanoma are
more likely to use sunscreen.
5. Which of the following is an example of selection
bias?
A. Eczema diagnostic codes are sometimes used for
contact dermatitis.
B. Eczema patients with severe disease are more
likely to have herpes cultures sent.
C. Eczema patients with mild disease are less likely
to see their providers.
D. Mothers of children with bad eczema are more
likely to recall infections during the perinatal
period.
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anoma may be more likely to receive skin checks and biopsies, making it appear that they have higher rates of atypical
nevi. One potential way to assess the influence of some types
of information bias is to measure the intensity of medical surveillance in the different study groups and to adjust for this
in statistical analyses. Selection bias may be introduced if
the probability of including subjects in the study (or probability of subjects being lost to follow-up) is associated with
exposure or outcome. For example, a study of patients followed in clinics may overestimate the severity of a disease
because patients with mild disease who seek medical advice
less frequently are underrepresented. Selection bias affects
the internal validity of a study, but it is often related to the
external validity or generalizability of the results.
Generalizability refers to how representative the results
from the study population are to the general population.
Studies that only enroll patients from tertiary-care centers or
that only include patients with particular demographic characteristics may have limited generalizability.
The ideal database depends on the research question.
Generically speaking, an ideal database might include linked
records from inpatient and outpatient care, emergency care,
mental-health care, all laboratory and radiological tests, and
all prescribed and over-the-counter treatments, as well as
alternative therapies. The population would be large enough
to permit discovery of rare events and interactions, would be
stable over time, and would be representative of the general
population from which it was drawn. It would include genetic, social, and physiologic information on all members, and
there would be the ability to gather additional information,
either from physicians or from patients themselves, to confirm outcomes.
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Flow Cytometry II: Mass and Imaging Cytometry
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INTRODUCTION

The need to refine our understanding of the immune system in order to characterize dermatologic disease pathology
and guide therapy necessitates a better understanding of the
immune system. One of the most widely employed characterization techniques is flow cytometry. At its core, flow
cytometry attempts to profile cellular states at a given point
in time. Newer technologies extend the fundamental scope
of flow cytometry; mass cytometry provides much more data
on the specific state of immune cells, and imaging cytometry
describes single-cell dynamics in heterogeneous mixtures. In
this article, we introduce and review these two novel extensions to traditional flow cytometry and provide examples that
can guide future studies that can benefit from these techniques.
NOVEL TECHNOLOGIES FOR EVALUATION OF
HETEROGENEOUS CELL POPULATIONS

In cutaneous diseases, the interaction between the immune
system and native local tissue correlates with various disease
states, and flow cytometry has played an integral role in the
study of immunology. This technique allows for cell type characterization within blood or other tissue samples via simultaneous identification of multiple cellular markers. In this
manner, cell populations expressing specific markers can be
associated with certain disease states. In flow cytometry, antibodies labeled with fluorescent dyes (fluorophores) bind cellular markers. Antibody-bound cells are then analyzed by a flow
cytometer that measures each cell’s emitted light as it passes a
detector. Cells bound to different fluorophores will emit light
at a spectrum specific to the fluorophore, allowing for identification of cell populations of interest (Jahan-Tigh et al., 2012).
Multiple antibodies with different fluorophores can be
used in the same preparation of cells. However, the potential
for emitted spectral overlap (“spillover”) among the various
fluorophores can result in false-positive readings. Despite software-based correction and advances in fluorophore design,
the spillover effect limits the number of antibody targets
detectable on a cell. Although up to 20 different antibodies
can be studied simultaneously on a single sample preparation,
8- or 9-plex studies are routinely performed in practice (Peters
and Ansari, 2011).
Mass cytometry (CyTOF, or “time of flight”) and imaging
cytometry are two novel extensions of the flow cytometry tech-

WHAT FLOW CYTOMETRY DOES
• Mass cytometry (CyTOF) and imaging cytometry
(ImageStream) are technological offshoots of
traditional flow cytometry that allow
characterization of multiple simultaneous cellular
and subcellular parameters.
• Mass cytometry uses rare earth metal isotopes to
label cells that are then read by a mass
spectrometer, allowing for more than 35 labels on
each cell.
• Imaging cytometry (ImageStream) combines
high-resolution light and fluorescent microscopy
to capture an image for each event passing
through the detector.

LIMITATIONS
• During the mass cytometry (CyTOF) process, the
cells are destroyed, making subsequent cell
sorting and analysis impossible.
• Imaging cytometry (ImageStream) suffers from
fluorescent dye “spillover,” which continues to
limit its multiplexing capabilities.
• The data analysis for both techniques can be
complicated given the highly multiplexed nature
of these techniques.
nology that expand on the cellular characterization capable of
traditional flow methods. The focus of this review will be to
introduce these techniques and envision potential applications
in the field of investigative dermatology.
MASS CYTOMETRY

Mass cytometry, also known as CyTOF, is a variation on mass
spectrometry coupled with flow cytometry. This technology employs the resolution capabilities of small-molecule
mass spectrometry scaled to the single-cell level. As in flow
cytometry, single-cell mass cytometry allows for the simultaneous detection and characterization of multiple internal
(e.g., phosphoproteins) and external (e.g., polysaccharides)
markers (Bandura et al., 2009; Bendall et al., 2011). Whereas
traditional flow requires the use of fluorophores, mass cytom-
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Figure 1. Schematic representation of both imaging cytometry (top)
and mass cytometry (bottom). See text for details. (1) Microscope objective
array with three different objective magnifications. (2) Argon plasma torch.

etry uses antibodies conjugated to rare earth transition metals, which are not found in biological systems (Ornatsky et
al., 2006). More than 35 different purified metal isotopes are
employed as labels and more are in development. In practice, this allows for multiplex detection of upward of 27 different antigens on a single cell (Bendall et al., 2011).
The initial sample preparation process is similar to that of
classic flow cytometry. Single-cell suspensions are prepared
from whole tissue, blood samples, bone marrow aspirates, or
tissue culture. After incubation with the metal-labeled antibodies, the cells of interest are injected into an argon flow
chamber designed to accommodate cell suspensions (Figure
1). The cells are swept up by the argon gas into a specialized compartment, where they are exposed to a plasma torch
reaching temperatures of 10,000 K, similar to that found in the
atmosphere of the sun. The cells and their metal labels are then
vaporized, atomized, and ionized. Importantly, the cell is now
represented by an ion “cloud” and the times of flight (TOFs)
of the ions from the plasma to a mass spectrometer detector
are then measured. Lighter particles (i.e., metals) arrive at the
detector earlier than the heavier particles.
The detector measures the metal content found in this cell
cloud and can discriminate between the signals of heavier
metal antibody isotopes and the metals normally found in
biological systems. The CyTOF platform includes software to
analyze the TOF and, based on the properties of the ionized
cell cloud, the software can detect the heavy metal isotope
composition of each cell that is subjected to the spectrometer.
The mass spectrometer is able to discriminate between isotopes of a heavy metal differing by only the weight of a neutron, allowing for fine resolution without the spillover effect
seen with fluorophore-labeled antibodies. This spillover effect
is the term given to the overlap of the emitted spectra of two
different fluorophores (e.g., a predominantly red fluorophore
gives off some orange signal, which gives a false positive for
the presence of the orange fluorophore) and is a major limitation of fluorophore-dependent flow cytometry. Because of the
lack of spillover, the probe set design for mass cytometry with
a large number of probes (i.e., greater than 30) is much easier
than that for traditional fluorescent flow cytometry. Another
unique aspect of mass cytometry is a recent technological off52
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Figure 2. Principal-component analysis of mass cytometry data. (a) This
group of cytometry fluorescence plots compares CD8+ T cells from the
intestinal intraepithelial lymphocytes (IELs) that are specific for a rotavirus
epitope called VP3 to the same VP3-specific T cells from the peripheral blood
(i.e., they are gated on CD8+). Cells that are positive for both markers (in
this case, CD103 and integrin-β7) are present in the upper right quadrant,
whereas those negative for the two markers are present in the bottom left.
The red outlines in the two upper panels and the blue outlines of the two
lower panels represent the cells that are CD8+ and specific for VP3 of all the
CD8+ cells (CD8+ cells are represented by black dots). (b) This graph displays
the first two principal components (i.e., PC1 and PC2) or the first two groups
of variables (e.g., cell markers) that best predict the variance in the data. In
this example, each data point represents a donor’s cell marker expression
data from either peripheral blood or IEL specific for the VP3 epitope. (c)
Each row in this clustergram is the expression data for a single donor. Only
the variables that were calculated to be most important for this set of data
as derived from the principal-component analysis are listed along the X axis
(CD69, CD103, etc.). Each square correlates with the cumulative expression
data from millions of that specific donor’s T cells that were vaporized after
passing through the plasma torch. A separate calculation involving the
Euclidian distance between values allows similar samples to be clustered
together. Reprinted from Newell et al., 2013.

shoot that overcomes the need to put the cells into suspension before analysis by directly labeling thin slices of fixed
tissue with metal-conjugated antibodies. Either a laser or an
ion beam, depending on the technique, then scans the tissue
and releases the metal labels, which are read by an adjacent
mass cytometer that is then able to reconstruct a multispectral
image of the tissue (Giesen et al., 2014; Angelo et al., 2014).
In their study, Newell et al. (2013) employed mass cytometry to characterize T cells from the blood of 17 healthy
donors and intestinal intraepithelial lymphocytes from 9 gastric bypass patients. In these experiments, between 16 and
64 million CD8 T cells from each donor were analyzed for
their ability to recognize viral epitopes including influenza,
Epstein–Barr virus, cytomegalovirus, and rotavirus. Each T cell
was stained with 37 heavy metal–labeled antibodies, creating
© 2015 The Society for Investigative Dermatology
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an incredible amount of data to subsequently analyze. One
commonly employed method to handle these data is principal-component analysis, in which multiparametric data (e.g.,
the various cell surface markers labeled by the antibodies) are
reduced to multiple components (e.g., groups of surface markers), with each component being composed of the variables
that best predict the distribution of the data (Figure 2), effectively reducing the dimensionality of the data into more manageable parts.
DISADVANTAGES OF MASS CYTOMETRY

One of the important limitations of this technique is the cellular destruction that occurs once the cells reach the plasma
torch. This prevents purification of specialized cell populations. Nonetheless, this multiplex system can potentially be
used in a workflow that incorporates fluerescence-activated
cell sorting (FACS), whereby the CyTOF technique identifies
markers of interest in a tissue sample, and FACS isolates the
cells of interest in a similar later experiment. Another drawback is that it is slower, with throughput speeds of 500–1,000
cells per second compared to traditional flow cytometry/
FACS that can achieve speeds up to 50,000 cells per second.
IMAGING CYTOMETRY

A second offshoot of traditional flow cytometry combines
high-throughput cytometry with high-resolution bright-field
and fluorescent microscopy. The basic architecture of the
apparatus is similar to that of classic flow cytometry whereby
the biological solution of interest is labeled with fluorescent
antibodies and injected into a liquid stream. The flow of the
liquid causes the cells and/or particles to line up until they
are struck by an excitatory light source, which causes them
to fluoresce. The most common imaging cytometry platform,
ImageStream system (Amnis, Seattle, WA), captures image
data for each of these events that pass through the detector
system using one or more microscope objectives (e.g., 20×,
40×, or 60×). The addition of these microscope objectives to
the flow cytometry apparatus is the fundamental difference
between classic flow cytometry and imaging cytometry, as
illustrated in Figure 1 (top). Once the LED light and the excitation lasers strike each cell, pictures of each cell are taken
by a high-speed camera apparatus as the cell passes through
the sensors.
With imaging cytometry, each event (e.g., cell, cell fragment, parasite) has an associated set of pictures, in contrast
to traditional flow cytometry in which no cell images are captured. In classic flow cytometry with 400- to 500-nm commercially available systems, these events are usually single cells
passing through the detector apparatus. However, the newest ImageStream model, ImageStreamX Mark II, is capable of
detecting subcellular particles down to sizes of 20 nm when
combined with fluorescent data (Headland et al., 2014). This
increased capture resolution dramatically increases the potential applications of imaging cytometry to include experiments
elucidating cell–cell interactions, cell signaling localization,
colocalization of multiple intracellular targets, apoptosis,
transfection efficiency, cell–therapeutics interactions, and
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Figure 3. Imaging cytometry output. Each image is multispectral (composed
of separate wavelengths of light), which allows only certain channels to be
viewed simultaneously. The columns show cell images in gray and display
two channels of information: one is the bright-field (BF) or traditional light
microscopic image, which is shown as gray, and the second channel displays
green information representing the fluorescence collected from the greenfluorescent protein-producing Staphylococcus aureus. Overlaying the two
channels shows the location of the bacteria inside each cell. The columns
with blue images demonstrate the fluorescence of the Alexafluor 405 (AF405)
dye conjugated to the early endosomes, and the reddish-orange images
display the fluorescence of the phycoerythrin (PE) dye marking lysosomes.
Reprinted from van der Aar et al., 2013.

cell–pathogen interactions.
The ability of imaging cytometry to separate cellular populations and colocalize internal cellular processes is illustrated by van der Aar et al. (2013), who compared the antigen
presentation capability of dermal dendritic cells to that of
Langerhans cells. In one experiment, Staphylococcus aureus
bacteria engineered to express green fluorescent protein were
incubated with both Langerhans cells and dermal dendritic
cells. This mixture of cells was then labeled with antibodies
that bind to the membrane-bound vesicles formed after the
cells internalize the bacteria. Two markers were chosen: one
that is found on vesicles early after their formation, appropriately named EEA-1 (early endosomal antigen-1), and a second
that marks lysosomes, LAMP-1 (lysosomal-associated membrane protein-1). The EEA-1 antibody was conjugated to a blue
fluorophore, and the LAMP-1 antibody was conjugated to a
red fluorophore. Using the overlay of the green, blue, and red
fluorophores, the investigators were able to calculate the proportion of Langerhans cells with S. aureus in endosomes and
lysosomes compared to dermal dendritic cells (Figure 3). The
experiment showed that after an equivalent amount of time
with the bacteria inside the cells, the dermal dendritic cells
had processed more of the bacteria into lysosomes than had
the Langerhans cells, demonstrating the superior antigen-processing capabilities of dermal dendritic cells.
DISADVANTAGES OF IMAGING CYTOMETRY

Like mass cytometry, this technique is slower than traditional
flow cytometry and, depending on the microscope objective
used, can range from 1,200 cells per second with the 60×
objective to 4,000 cells per second with the 20× objective.
Because this technology uses fluorescent dyes, it continues to be subject to signal spillover, which limits the num-
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ber of simultaneous targets that can be read on a single cell.
Newer organic polymer dyes capable of conducting electricity and which produce a more intense fluorescence with
less spillover represent an attempt to address this limitation
(Chattopadhyay et al., 2012).
SUMMARY

The future of flow cytometry is bright, with new fluorescent
dyes, more metal labels, and an ever-expanding set of applications under development. These technologies provide deep
profiling of single cells and small-molecule quantification—
techniques that can advance our understanding of cutaneous
disease and drive development of novel therapeutics.
CONFLICT OF INTEREST

The authors state no conflict of interest.

CME ACCREDITATION

This activity has been planned and implemented in accordance with the Essential
Areas and Policies of the Accreditation Council for Continuing Medical Education
through the joint sponsorship of the Duke University School of Medicine and
Society for Investigative Dermatology. The Duke University School of Medicine
is accredited by the ACCME to provide continuing medical education for
physicians. To participate in the CME activity, follow the link provided. Physicians
should only claim credit commensurate with the extent of their participation in
the activity.
To take the online quiz, follow the link below:
http://continuingeducation.dcri.duke.edu/research-techniques-made-simplejournal-based-cme-rtms

SUPPLEMENTARY MATERIAL

A PowerPoint slide presentation appropriate for journal club or other teaching
exercises is available at http://dx.doi.org/10.1038/jid.2015.263.

REFERENCES
Angelo M, Bendall SC, Finck R et al. (2014) Multiplexed ion beam imaging of
human breast tumors. Nat Med 20:436–42
Bandura DR, Baranov VI, Ornatsky OI et al. (2009) Mass cytometry: technique
for real time single cell multitarget immunoassay based on inductively
coupled plasma time-of-flight mass spectrometry. Anal Chem 81:6813–22
Bendall SC, Simonds EF, Qiu P et al. (2011) Single-cell mass cytometry of
differential immune and drug responses across a human hematopoietic
continuum. Science 332:687–96
Chattopadhyay PK, Gaylord B, Palmer A et al. (2012) Brilliant violet fluorophores:
a new class of ultrabright fluorescent compounds for immunofluorescence
experiments. Cytometry A 81456–66
Giesen C, Wang HA, Schapiro D et al. (2014) Highly multiplexed imaging of
tumor tissues with subcellular resolution by mass cytometry. Nat Methods
11:417–22
Headland SE, Jones HR, D’Sa AS et al. (2014) Cutting-edge analysis of
extracellular microparticles using ImageStream(X) imaging flow cytometry.
Sci Rep 10:5237
Jahan-Tigh RR, Ryan C, Obermoser G et al. (2012) Flow cytometry. J Invest
Dermatol 132: e1
Newell EW, Sigal N, Nair N et al. (2013) Combinatorial tetramer staining
and mass cytometry analysis facilitate T-cell epitope mapping and
characterization. Nat Biotechnol 31:623–9
Ornatsky O, Baranov VI, Bandura DR et al. (2006) Multiple cellular antigen
detection by ICP-MS. J Immunol Methods 308:68–76
Peters JM, Ansari MQ (2011) Multiparameter flow cytometry in the diagnosis and
management of acute leukemia. Arch Pathol Lab Med 135:44–54
van der Aar AM, Picavet DI, Muller FJ et al. (2013) Langerhans cells favor
skin flora tolerance through limited presentation of bacterial antigens and
induction of regulatory T cells. J Invest Dermatol 133:1240–9

54

Journal of Investigative Dermatology (2015), Volume 135

QUESTIONS
This article has been approved for 1 hour of Category 1 CME credit. To
take the quiz, with or without CME credit, follow the link under the “CME
ACCREDITATION” heading.
For each question, more than one answer may be correct.

1. Which flow analytical technique uses rare earth
metal–labeled antibodies?
A. FACS.
B. Mass cytometry (CyTOF).
C. Principal-component analysis.
D. ImageStream.
2. What is an advantage of the ImageStream technique
over traditional flow cytometry?
A. It allows for separation of different cell
subpopulations in heterogeneous cell mixtures.
B. It captures high-resolution image data for each
event passing through the system.
C. It obtains absolute quantification data for
subcellular compartments.
D. It can be used on paraffin-embedded tissue
sections.
3. As a dermatologist conducting research, you are
interested in separating CD4+ lymphocytes from
peripheral blood as quickly as possible. Which
technique would be preferred?
A. Phase-contrast microscopy.
B. ImageStream.
C. FACS.
D. Mass spectrometry.
4. One of the advantages of CyTOF-based studies is
the following.
A. It allows for high-throughput multiplex analysis
of protein expression data in single cells.
B. It allows for high-resolution image data
collection of single-cell events.
C. It allows for cells to be sorted after staining and
data acquisition.
D. It utilizes high-resolution fluorescence data.
5. What do flow cytometry, CyTOF, and ImageStream
have in common?
A. They all employ fluorescence-based techniques.
B. Cells are lysed first and subsequently labeled
with antibodies of interest.
C. These techniques utilize inductively coupled
plasma.
D. Whole-cell suspensions are first labeled with
antibodies of interest.
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RTMS.e25 Evaluating the Strength of Clinical
Recommendations in the Medical Literature:
GRADE, SORT, and AGREE
QUESTIONS

1. Factors that may decrease the strength of evidence for
randomized controlled trials (RCTs) in GRADE include
all of the following except
A. High likelihood of publication bias.
B. Inconsistency.
C. Large or very large treatment effect.
D. Indirectness of evidence.

5. The Evidence Profile table
A. Provides a qualitative judgment of the evidence
rating.
B. Is directed toward users of systematic reviews.
C. Is part of the SORT process.
D. Summarizes the values and preferences of the
target population.

2. Which of the following is false regarding AGREE?
A. It is a method of grading the strength of a
recommendation.
B. It can be applied to any disease of interest.
C. It is an instrument that assesses the quality of the
development of clinical practice guidelines.
D. It has no set threshold for the domain score by
which to define a “good” or “bad” guideline.
3. Which of the following is false about GRADE?
A. It has been adopted by more than 65 organizations
worldwide.
B. It was developed by an international group
composed of guidelines developers, systematic
reviewers, clinicians, public heath officers,
researchers, methodologists, and other health
professionals.
C. It explicitly evaluates outcomes and sets forth
recommendations.
D. It assigns strength of recommendations on a scale
of A through C.
4. Regarding the SORT process, all of the following are
true except?
A. It is a method for assessing patient-oriented versus
disease-oriented evidence.
B. It is a complicated methodology that may be a
barrier for widespread use.
C. It is simple and easily applied to daily practice by
authors and physicians.
D. It assigns a strength of recommendations on a scale
of A through C and quality of the evidence on levels
1 through 3.

© 2015 The Society for Investigative Dermatology

ANSWERS

1.
2.
3.
4.
5.

C.
A.
D.
B.
A.
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RTMS.e26 Identifying the Stem Cell
QUESTIONS

1. The following is a unique feature of stem cells:
A. Fastest dividing cell type in tissues.
B. Greatest proliferative capacity.
C. Pluripotent nature.
D. Able to terminally differentiate.

ANSWERS

1.
2.
3.
4.
5.

B.
D.
D.
C.
D.

2. Which of the following is true?
A. Side population analysis requires active transport of
Hoechst dyes inside the cell.
B. Label-retaining assays can be used to isolate living human
stem cells.
C. Long-term repopulation assays can only be used to study
murine cells.
D. The use of H2GFP technique allows isolation of living stem
cell–enriched cell fractions.
3. What is the best assay to validate a new stem cell isolation
technique?
A. Side population analysis.
B. Label-retaining assay.
C. Colony forming unit assay.
D. In vivo repopulation assay.
4. Which of the following is true?
A. Induced pluripotent stem cells are reprogrammed
embryonic cells.
B. Epidermal stem cells are mostly found in the hair bulb.
C. Skeletal stem cell–derived cells support hematopoesis.
D. Plasticity refers to the ability of terminally differentiated cells
to become stem cells.
5. Which of the following markers do human epidermal
stem cells stain for?
A. CD45 and keratin 10.
B. CD71 and CD271.
C. CD31 and CD146.
D. CD34 and CD200.
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RTMS.e27 Transgenic Mouse Technology in Skin Biology:
Generation of Knockin Mice
QUESTIONS

1. The knockin of a transgene is ______ with ______
A. Site specific; one integration.
B. Random; one integration.
C. Random; multiple integrations.
2. The knockin can be combined with which of the following?
A. Only tissue-specific expression systems.
B. Only inducible expression systems.
C. Tissue-specific and inducible expression systems.
D. Constitutive expression system only.

ANSWERS

1.
2.
3.
4.
5.

A.
C.
B.
A.
B.

3. The tissue-specific expression of a transgene relies on which
of the following?
A. Promoter specificity.
B. Tissue specific Cre expression.
C. Administration of tamoxifen.
4. Site-specific integration has what advantage?
A. Effects on other genes are minimized.
B. The transgene is always expressed.
C. The transgene cannot be lethal.
5. Site-specific integration of a human gene allows investigators
to do which of the following?
A. Study common mouse diseases.
B. Investigate mechanisms of human diseases.
C. Identify interaction partners on a protein level.
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RTMS.e28 Lineage Tracing Mediated by
Cre-Recombinase Activity
QUESTIONS

1. What is a cell lineage?
A. A group of cells aligned next to each other.
B. The progeny of one cell or a specific cell type.
C. The border between epidermis and dermis.
2. Which kind of reporter systems cannot be used to visualize
a population of cells?
A. Fluorescent reporters.
B. β-Galactosidase.
C. Vital dyes.
D. DMSO.

ANSWERS

1.
2.
3.
4.
5.

B.
D.
B, C.
A, B, C.
A, B, C.

3. The advantage of a fluorescent reporter compared to a
β-gal reporter is
A. The fluorescent reporter is expressed in all tissues.
B. Live cell imaging within tissues.
C. The possibility of multicolor labeling.
D. It does not alter cell functions.
4. The Cre-recombinase should be expressed under control of a
promoter that is which of the following?
A. Active in terminally differentiated cell populations.
B. Active in proliferative active cell populations.
C. Active in a distinct cell population.
D. Ubiquitously activated.
5. Which systems are commonly used to induce Cre-recombinase
activity?
A. CreER.
B. Tet-On.
C. Tet-Off.
D. β-Galactosidase.
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RTMS.e29 Assessing the In Vivo Epidermal Barrier in
Mice: Dye Penetration Assays
QUESTIONS

1. Which are the principal structures participating in the
epidermal barrier?
A. Tight junctions.
B. Stratum corneum.
C. Basement membrane.
D. Stratum spinosum.

ANSWERS

1.
2.
3.
4.
5.

A, B.
A.
B.
B, C.
B, C.

2. Which are the essential components of the stratum
corneum barrier?
A. Protein–lipid crosslinks.
B. Collagen.
C. Adherens junctions.
3. Dye penetration assays show which of the following?
A. The origin of the barrier leakage.
B. Leakage of the tested barrier.
C. Severity of barrier defects.
4. What are the limitations of dye penetration assays?
A. They cannot show leakiness of a specific barrier.
B. Dye penetration may not reflect physiological leakiness.
C. Single assays are not sufficient to determine the origin of the
barrier defect.
5. What is the function of the tight junction barrier?
A. Mechanical rigidity.
B. Paracellular diffusion barrier.
C. Separating tissues from outside environment.
D. Protection from UV light.
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RTMS.e30 Basics of Immunohistochemistry
QUESTIONS

1. What does IHC detect?
A. Tissue-bound autoantibodies in fresh tissues.
B. DNA aberrations in FFPE tissues.
C. Specific antigens in FFPE tissues unmasked by different
epitope-retrieval techniques.
D. The presence of pathogenic RNA in fresh and FFPE tissues.

ANSWERS

1.
2.
3.
4.
5.

C.
B.
A.
D.
C.

2. Which of the following is a true description of the indirect
method of IHC
A. Can be used only with biotin-labeled primary antibodies.
B. Uses two layers of antibodies; the primary antibody is
unlabeled and can be visualized through different secondary
antibody–based detection systems.
C. Is performed with circulating autoantibodies from
patient serum.
D. Is not very versatile because all primary antibodies must
be labeled.
3. What is a major advantage of antigen detection
with IHC?
A. Antigen–antibody constructs are visualized through light
microscopy by means of a color signal; the morphology of the
surrounding tissue can be made visible by a counterstaining.
B. It is the most sensitive method for detection of all antigens.
C. FFPE tissue does not need to be prepared for antigen
detection.
D. It is a highly standardized and simple technique; there are
almost no technical pitfalls.
4. Which of the following techniques is more sensitive than IHC
for the detection of some antigens in the skin?
A. Light microscopy: hematoxylin and eosin staining.
B. Light microscopy: special stainings.
C. Dermatoscope.
D. PCR-based methods.
5. What thickness of FFPE tissue sections should be used
for IHC?
A. 10 µm.
B. 10 nm.
C. 3–4 µm.
D. 3–4 nm.
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RTMS.e31 The Use of Luminex Assays To Measure
Cytokines
QUESTIONS

1. How many distinct cytokines or analytes can be
interrogated in a single well of a 96-well plate
using Luminex?
A. 1.
B. 5.
C. 50.
D. 100.
E. 250.
2. What type(s) of biological sample(s) can be analyzed
using Luminex?
A. Tissue and cell lysate.
B. Saliva.
C. Sputum.
D. Serum.
E. Plasma.
F. Urine.
G. All of the above.

5. How does the Luminex system differentiate among
various cytokines?
A. A reporter dye is conjugated to a detection antibody
that is subsequently excited by the green laser of the
Luminex system.
B. Each microsphere set is internally dyed with a
graded mixture of red and infrared fluorescent dyes,
and excitation of the bead by the red laser emits a
fluorescent signature that is unique to
each cytokine.
C. Only one cytokine can be tested per well and
the user must decide which cytokine to test for in
advance and input this information into the
analysis software.
D. The fluorescent signal emitted from the internally
dyed microsphere and the externally conjugated
detection antibody are combined in order to
identify the particular cytokine of interest.

3. Which of the following is not true regarding the
Luminex platform versus other comparable
bioassays?
A. It has the capacity for high-throughput and
high-density data delivery with excellent accuracy
compared to alternative methods.
B. Luminex requires the use of dedicated analysis
instruments similar to flow cytometers.
C. Luminex and ELISA require similar sample volumes
for analysis.
D. The three dimensional structure and small surface
area of Luminex microspheres accelerates the
reaction kinetics and decreases total assay time.
4. Which of the following compounds can be
conjugated to the surface of the Luminex
microsphere?
A. Antibodies.
B. Receptors.
C. Peptides.
D. Oligonucleotides.
E. All of the above.
F. None of the above.
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ANSWERS

1.
2.
3.
4.
5.

D.
G.
C.
E.
B.
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RTMS.e32 How MicroRNAs Modify Protein Production
QUESTIONS

1. What is the typical length of miRNA nucleotides and its SEED
sequence?
A. 22; 7.
B. 40; 22.
C. 7; 22.
D. 8; 7.

ANSWERS

1.
2.
3.
4.
5.

A.
D.
B.
D.
B.

2. miRNA regulation involves which level(s) of control?
A. DNA replication.
B. mRNA destabilization.
C. Protein repression.
D. Both B and C.
3. Describe the mechanism of action of miRNAs:
A. miRNAs use adapter proteins to interfere with replication.
B. miRNAs cause destabilization of mRNA and inhibit translation
initiation.
C. miRNAs usurp the polymerase II machinery to decrease its
activity and lower the levels of the endogenous mRNA.
D. miRNAs rely on anti-microRNAs to potentiate their effects.
4. The best assay to identify whether a specific miRNA targets a
particular transcript is which of the following?
A. PCR.
B. Western blot.
C. MicroArray.
D. Luciferase assay.
5. When a specific miRNA interacts with its target 3’UTR in a
luciferase assay, the reporter signal:
A. Increases.
B. Decreases.
C. Stays the same.
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RTMS.e33 What Is a Pragmatic Clinical Trial?
QUESTIONS

1. What is NOT a typical component of a pragmatic trial?
A. Designed to assess clinical effectiveness.
B. Highly selected patients with no comorbidities.
C. Includes study population similar to real-life population.
D. Cost-effectiveness analysis.

ANSWERS

1.
2.
3.
4.
5.

B.
C.
D.
A.
D.

2. What is the main aim of an explanatory trial?
A. To compare strategies of treatment.
B. To evaluate how the intervention will work in everyday
clinical practice.
C. To determine efficacy.
D. To assess rare adverse effects.
3. Most trials in clinical dermatology can be considered
A. Pragmatic.
B. Explanatory.
C. Neither A or B.
D. A continuum of A and B.
4. Which statement regarding the PRECIS tool is correct?
A. The acronym stands for Pragmatic-Explanatory Continuum
Indicator Summary tool.
B. It provides a numerical rating of pragmatism.
C. Contains eight assessment features.
D. Explanatory trials show a "web" towards the periphery.
5. Which statement is true regarding a pragmatic trial?
A. They are typically more costly due to trial size and
cost-effectiveness analysis.
B. They often require background feasibility or explanatory
work beforehand.
C. They are the cornerstone of the comparative effectiveness
agenda.
D. All of the above.
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RTMS.e34 Drug Survival Studies in Dermatology:
Principles, Purposes, and Pitfalls
C. Patients with a body weight <100 kg have 0.5%
chance of discontinuing treatment within the
analyzed period.
D. Patients with a body weight >100 kg have 0.5%
chance of discontinuing treatment within the
analyzed period.

QUESTIONS

1. What is drug survival?
A. The half-life of a drug.
B. The time patients remain "on drug."
C. The amount of patients surviving treatment with
a drug.
D. The percentage of responders on a drug.
2. How can different follow-up times of patients be
combined in survival analysis?
A. The method of "censoring" can be applied,
incorporating all information until the end of
follow-up of each individual patient.
B. All patients must have the same follow-up time;
otherwise, survival cannot be analyzed.
C. The patient with the shortest follow-up time
is leading; that period should be chosen as the
maximum duration of the survival analysis.
D. The method of last observation carried forward
should be applied; follow-up time of patients with
short follow-up can be extended with the
information available.

5. Which assumptions should be present in survival
analysis?
A. (i) At any time point, the patients who are censored
have the same survival prospects as the ones who
continue, (ii) survival probabilities are stable
throughout the whole study, and (iii) the event
corresponds with the specified time and is not a
raw estimation.
B. (i) at any time point, the patients who are censored
have the same survival prospects as the ones that
continue, (ii) survival probabilities differ throughout
the whole study, and (iii) the event does not always
correspond with the specified time and is a
raw estimation.
C. A and B are both incorrect.

3. What can be used to estimate the required sample
size for a reliable survival analysis?
A. Survival studies can only be used for samples with
at least 100 patients.
B. The number of events determines the power of
survival analyses. A general rule of thumb in
survival analysis is that at least 10–20 events must
be present in each survival curve.
C. The number of patients determines the power of
survival analyses. At least 10–20 patients are
needed in each survival curve
4. If a body weight below 100 kg is a predictor of drug
survival with a hazard ratio of 0.5 (95% confidence
interval 0.4-0.6), what does this mean?
A. Patients with a body weight <100kg have a lower
chance to stop the drug than patients weighing
>100 kg. Thus <100 kg is predictive for long DS.
B. Patients with a body weight >100 kg have a lower
chance to stop the drug than patients weighing
<100 kg. Thus >100 kg is predictive for long DS.
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ANSWERS

1.
2.
3.
4.
5.

B.
A.
B.
A.
A.
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RTMS.e35 Databases for Clinical Research
QUESTIONS

1. Which of the following is not an example of an analytical study?
A. Cross-sectional study.
B. Case series study.
C. Case–control study.
D. Cohort study.

ANSWERS

1.
2.
3.
4.
5.

B.
C.
C.
B.
C.

2. Which of the following is the most important consideration
when choosing a database for clinical research?
A. Whether the data come from an electronic medical record.
B. Loss to follow-up.
C. The research question.
D. The generalizability of the population.
3. Which of the following is not a recommendation regarding
patient enrollment and follow-up in a new longitudinal database
(sometimes called a patient registry)?
A. Use similar procedures at all sites.
B. Use validated outcome measures whenever possible.
C. Never obtain emergency contact information.
D. Develop a patient retention plan.
4. Which of the following is an example of information bias?
A. Patients with a family history of melanoma are more likely to
be
recruited into a study.
B. Patients with a family history of melanoma are more likely to
receive skin checks and biopsies.
C. Patients with a family history of melanoma are more likely to
know whether they have a history of atypical moles.
D. Patients with a family history of melanoma are more likely to
use sunscreen.
5. Which of the following is an example of selection bias?
A. Eczema diagnostic codes are sometimes used for contact
dermatitis.
B. Eczema patients with severe disease are more likely to have
herpes cultures sent.
C. Eczema patients with mild disease are less likely to see their
providers.
D. Mothers of children with bad eczema are more likely to recall
infections during the perinatal period.
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RTMS.e36 Flow Cytometry II: Mass and Imaging
Cytometry
QUESTIONS

1. Which flow analytical technique uses rare earth metal–
labeled antibodies?
A. FACS.
B. Mass cytometry (CyTOF).
C. Principal-component analysis.
D. ImageStream.

ANSWERS

1.
2.
3.
4.
5.

B.
B.
C.
A.
D.

2. What is an advantage of the ImageStream technique over
traditional flow cytometry?
A. It allows for separation of different cell subpopulations in
heterogeneous cell mixtures.
B. It captures high-resolution image data for each event passing
through the system.
C. It obtains absolute quantification data for subcellular
compartments.
D. It can be used on paraffin-embedded tissue sections.
3. As a dermatologist conducting research, you are interested in
separating CD4+ lymphocytes from peripheral blood as quickly
as possible. Which technique would be preferred?
A. Phase-contrast microscopy.
B. ImageStream.
C. FACS.
D. Mass spectrometry.
4. One of the advantages of CyTOF-based studies is the
following.
A. It allows for high-throughput multiplex analysis of protein
expression data in single cells.
B. It allows for high-resolution image data collection of
single-cell events.
C. It allows for cells to be sorted after staining and data
acquisition.
D. It utilizes high-resolution fluorescence data.
5. What do flow cytometry, CyTOF, and ImageStream have in
common?
A. They all employ fluorescence-based techniques.
B. Cells are lysed first and subsequently labeled with antibodies
of interest.
C. These techniques utilize inductively coupled plasma.
D. Whole-cell suspensions are first labeled with antibodies
of interest.
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