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What is Current Protocols?

The Current Protocols collection includes nearly 25,000 step-by-step techniques and procedures that 

provide researchers with the reliable methods they need to reproducible results and pave the way for 

scientific discovery. Today we have 17 comprehensive collections ranging from Essential Laboratory 

Techniques for training undergraduate students to resources for developing as a scientist, like our flagship 

title, Current Protocols in Molecular Biology.
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A single Current Protocols article is more than just a protocol: it often includes a collection of related 

protocols (basic, alternate, support). To make them easy to follow, Current Protocols features numbered steps, 

flow charts, illustrations, results, recipes, background, explanations, and advice.

What are the benefits?

• Support: Using Current Protocols is like having an expert guiding your hand. 

• Confidence: Our editors evaluate each protocol, so you know these techniques are the best available. 

• Efficiency: Each protocol is carefully edited and rich in detail, so you get reliable results on the first try.

Single-Cell Analysis of Cytokine mRNA
and Protein Expression by Flow
Cytometry
Rubina Pal,1 Jayne Schaubhut,1 Darcey Clark,1 Lynette Brown,1

and Jennifer J. Stewart1,2

1Flow Contract Site Laboratory, LLC, Bothell, Washington
2Corresponding author: jennifer.stewart@fcslaboratory.com

Understanding how immune cells respond to external stimuli such as pathogens
or drugs is a key component of biomedical research. Critical to the immune
response are the expression of cell-surface receptors and the secretion of cy-
tokines, which are tightly regulated by gene expression and protein synthesis.
Previously, cytokine mRNA expression levels have been measured from bulk
analysis of heterogeneous or sorted cell populations, and the correlation be-
tween cytokine mRNA expression and protein levels using these techniques can
be highly variable. Flow cytometry is used to monitor changes in cell-surface
and intracellular proteins, but some proteins such as cytokines may be tran-
sient and difficult to measure. Thus, a flow cytometry method that can simul-
taneously measure cytokine mRNA and protein levels in single cells is a very
powerful tool. We defined a flow cytometry method that combines the conven-
tional measurement of T cell surface proteins (CD45, CD3, CD4, CD8) and
intracellular cytokines (IL-2, INF-γ) with fluorescent in situ hybridization and
branched DNA technology for amplification and detection of IL-2 and INF-γ
mRNA transcripts in activated T cells. This method has been applied to frozen
peripheral mononuclear blood cells (PBMCs) and frozen blood samples, mak-
ing it applicable to clinical trial specimens that require shipment to the test
site. In CD4+ cells from activated PBMCs, the concordance between mRNA
and protein levels was 41% for IL-2 and 21% for and INF-γ. In CD8+ cells
from activated PBMCs, the concordance was 15% for IL-2 and 32% for INF-γ.
© 2020 by John Wiley & Sons, Inc.

Basic Protocol: Detection of IL-2 and IFN-γ mRNA and protein expression in
frozen PBMCs
Alternate Protocol: Detection of IL-2 and IFN-γ mRNA and protein expres-
sion in frozen blood

Keywords: cytokines � frozen blood �mRNA � PBMC �RNA flow cytometry
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Single-cell analysis of cytokine mRNA and protein expression by

flow cytometry. Current Protocols in Cytometry, 92, e69.
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INTRODUCTION

Single-cell analysis is an exciting new approach in biomedical research, unique in its
ability to analyze cells within a heterogeneous population. Flow cytometry is the technol-
ogy of choice when it comes to single-cell analysis, as it uses a high-throughput format
to interrogate one cell at a time, allowing investigators to make connections between
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Figure 1 Schematic of assay workflow.

related and unrelated cells. Typically, flow cytometry is used for detection of pheno-
typic and functional proteins using highly specific and sensitive fluorescently labeled
antibodies.

Analysis of protein expression and dynamics provides insight into how cells react to ex-
ternal stimuli, but correlation with gene expression by measuring changes in mRNA is
a central part of the investigation (Henriquez, Zhou, Li, Crawford, & Kaminski, 2017).
Effective secretion of cytokines, expression of cell-surface receptors, and terminal differ-
entiation of cell types are critical for the immune response and clearance of pathogens.
Appropriate responses are determined by tight regulation of gene expression and protein
synthesis. Findings from multiple reports have indicated that there is variable correlation
between mRNA levels and expression of respective proteins (Chen et al., 2002; Shebl
et al., 2010; Tian et al., 2004; Van Hoof, Lomas, Hanley, & Park, 2014). Thus, simulta-
neous measurement of transcript and protein expression by flow cytometry is a powerful
alternative to cell purification, bulk analysis, and/or separate genomic and proteomic in-
vestigation.

This article describes the use of PrimeFlow RNA reagents (Thermo Fisher Scientific)
and the optimal process for simultaneous evaluation of protein and mRNA using flow
cytometry, with a focus on IL-2 and IFN-γ detection in activated T lymphocytes. The
basic premise is described later (see Commentary and Fig. 1). Stemming from our ef-
forts to perform the assay with high sensitivity and maximum precision, we attempted
to address this method on frozen peripheral blood mononuclear cells (PBMCs; see Basic
Protocol) and frozen lysed blood (see Alternate Protocol). We believe that by optimizing
this protocol on frozen samples, the data are less likely to be affected by common assay
variability issues (outlined in Selliah et al., 2019) and has potential application in clinical
trials.
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Figure 2 Proteomic and genomic characterization of resting T cells. (A-B) Plots show a distinct
population of interest. Fewer non-viable cells, debris, and doublets are present. (C-E) Surface
protein populations are well defined and signal is well preserved. (F-I) Intracellular cytokine protein
or mRNA is not detected in resting T cells.

Compensation must be performed to eliminate any spectral spillover resulting from over-
lapping emission spectra between fluorochromes. A combination of automatic compen-
sation and manual compensation should be considered.

51. Ensure FSC-height is active for doublet discrimination.

52. Acquire samples at an optimal flow rate (typically, low to medium works best).

Perform gating and data analysis

The gating strategy is outlined in Table 3. Representative cytograms for resting T cells
and stimulated PBMCs are shown in Figures 2 and 3, respectively.

53. Begin by evaluating the scatter parameters (plot A), forward scatter area (FSC-A)
versus side scatter area (SSC-A), to ensure that the leukocyte population is within
scale. Assess viability and exclude debris.

Pal et al.

9 of 14

Current Protocols in Cytometry

Figure 3 Proteomic and genomic characterization of PBMCs post 4-hr stimulation with PMA and
ionomycin in the presence of monensin. (A-E) Plots show similar pattern as in Figure 2. (F) CD4+

T helper cells and (H) CD8+ cytotoxic T cells show some disparity in IL-2 transcript and protein
expression. The majority of events show coordinated protein and mRNA signal; only a few cells
show positive signal for transcript alone. (G) CD4+ T helper cells and (I) CD8+ cytotoxic T cells
show concordance in IFN-γ protein and transcript expression after 4 hr of stimulation.

Debris, non-viable cells, and red blood cells typically display lower FSC. These events
will be excluded in the subsequent plot of CD45 versus SSC. The scatter will also change
if/when the cells are activated. Evaluate and change scatter as needed.

54. Create a singlet gate on a plot of forward scatter height (FSC-H) versus forward
scatter area (FSC-A) (plot B). Exclude doublets from the analysis.

55. During acquisition, draw a histogram for RFLP13A on all events and verify positive
staining for this control (Fig. 4).

Ribosomal protein L13a (RPL13A) is the reference gene for human samples and should
appear positive in PBMCs if the assay is performed as expected.

56. Display leukocytes on a plot of CD45 versus SSC-A (plot C). Gate on CD45+ cells.
Pal et al.
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Figure 4 Expression of reference gene RPL13A is evaluated in all acquired events (A) and in T
cells (B). The majority of T cells express RPL13A.

57. From the CD45+ gate, evaluate T cells on a plot of CD3 versus SSC-A (plot D).
Draw a gate on CD3+ cells.

Upon stimulation with PMA/ionomycin, it is typical for the staining pattern of CD3
and/or other markers to change. The most common observation is a diminished sepa-
ration of positive and negative populations. Optimization of the stimulation process may
be required to achieve appropriate staining and maintain cellular integrity.

58. Create a plot of CD4 versus CD8 (plot E) and identify T helper cells (CD4+) and
cytotoxic T cells (CD8+).

59. Subject each of T cell population (CD4+ and CD8+) to plots displaying IL-2 mRNA
versus IL-2 protein (plots F and H). Repeat for IFN-γ (plots G and I).

ALTERNATE
PROTOCOL

DETECTION OF IL-2 AND IFN-γ mRNA AND PROTEIN EXPRESSION IN
FROZEN BLOOD

Instead of using frozen PBMCs, frozen lysed blood can be used for this assay. Preparation
of lysed blood is simpler and less time-consuming. This protocol describes a method for
preparing and freezing blood that can be used in the RNA flow cytometry assay.

Additional Materials (also see Basic Protocol)

1× BD FACS Lysing Solution (BD, cat. no. 349202; diluted from 10× with
purified water; stored up to 1 month at room temperature)

1. Aliquot 0.2-0.5 ml sodium heparin anti-coagulated whole blood (∼24 hr old) into
cryovials.

The volume of blood should be optimized so that sufficient events can be evaluated.

2. Optional: Activate cells as follows:

a. Add 50 ng/ml PMA, 1 μg/ml ionomycin, and 1× monensin to samples to be stim-
ulated.

b. Add nothing to the unstimulated control.
c. Incubate control and stimulated samples for 4 hr ± 15 min at 37°C in the presence

of 5% CO2.
Pal et al.
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3. Add 2-5 ml of 1× BD FACS Lysing Solution (for a 1:10 ratio of blood to lysing
solution) and vortex.

4. Incubate 12-15 min in the dark at room temperature.

5. Store samples immediately at −80°C at least overnight.

6. Thaw control and stimulated samples in a 37°C water bath.

7. Centrifuge samples at 600 × g for 5 min at room temperature with brake.

8. Decant, hand mix to resuspend cells in residual volume, and then add 1 ml Stain
Buffer FBS.

9. Proceed to surface staining and remainder of protocol (see Basic Protocol, steps 15-
59).

COMMENTARY

Background Information
Given the critical importance of cellular

heterogeneity, whether due to extrinsic or in-
trinsic factors (recently reviewed in Goldman
et al., 2019), simultaneous assessment of gene
and protein level fluctuations at a single-cell
resolution is essential. Flow cytometry has
been the gold standard for high-throughput de-
tection of intracellular or surface proteins at
the single-cell level, but a lack of reagent avail-
ability and discordant data from proteomic
and genomic investigations have been com-
mon problems.

Historically, analysis of gene expression
has been performed using reverse transcrip-
tase polymerase chain reaction (RT-PCR),
RNA sequencing (RNA-Seq) and microar-
ray technologies. While these molecular
approaches are sequence based and not con-
strained by reagent availability, the output is
a bulk cell average. Recent advances in next-
generation sequencing have led to single-cell
RNA sequencing, which combined with cy-
tometry (fluorescence-activated cell sorting)
can provide global insights into the proteome
and transcriptome of a sorted cell population
(Freiherr von Boeselager, Pfeifer, & Frunzke,
2018). However, this two-step process re-
quires a high level of expertise in cell sorting.
Furthermore, it is restricted to sorted cell pop-
ulations and may not provide the flexibility of
multiparametric investigation.

PCR-driven fluorescence in situ hybridiza-
tion in combination with flow cytometry has
been employed for simultaneousmeasurement
of intracellular viral DNA and cell-surface
protein expression to determine the number
of virus-infected T cells (Patterson, Goolsby,
Hodara, Lohman, & Wolinsky, 1995). This
technique opened the avenue for detection
of mRNA at single-cell resolution by flow
cytometry. Some of the improvements that

have been made in recent years include in-
creased sensitivity to detect low-abundance
mRNA and less repetitive sequences, reduced
autofluorescence caused by higher temper-
ature required for hybridization, and finally
the expansion of the technology to enable si-
multaneous detection of intracellular protein,
extracellular protein, and RNA.

This protocol describes the application of
the flow cytometry–based PrimeFlowRNAas-
say by Thermo Fisher Scientific. It combines a
conventional flow cytometry cell staining for
detection of proteins with fluorescence in situ
hybridization and branched DNA technology
for amplification and detection of RNA tran-
scripts by flow cytometry (Fig. 1). Cells are
initially labeled with surface antibodies, then
fixed, permeabilized, and labeled with anti-
bodies for detection of intracellular proteins.
Next, a pair of gene-specific oligonucleotide
probes, 20-40 bp in length, is hybridized in
close proximity to the RNA transcript to create
the foundation for branched DNA signal am-
plification. Presently, four target probes with
unique tag sequences can be used together
(Alexa Fluor 647-type 1, Alexa Fluor 568-type
10, Alexa Fluor 488-type 4, and Alexa Fluor
750-type 6). Each tag sequence allows hy-
bridization of complementary DNA branches
with different excitation/emission spectra.
Once the target probes are annealed appropri-
ately, signal amplification is achieved through
sequential hybridization with DNA branches
(pre-amplifiers and amplifiers). Pre-amplifiers
complementarily bind to the unhybridized
section of each target probe pair to form the
first DNA branch. The signal is further mag-
nified by a second amplification step in which
amplifiers hybridize to multiple sites of each
pre-amplifier, thus forming the second DNA
branch. Finally, fluorochrome-conjugated
label probes hybridize to the amplifier and
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Who should use Current Protocols?
Current Protocols is great for institutions with large research programs to keep discovery efficient and consistent. It is 
also essential for smaller institutions that may lack breadth of expertise in-house so they can build on a larger body 
of knowledge without wasting time. Students, technicians, and post-docs will find Current Protocols invaluable for their 
bench work. Lab heads, principal investigators, and department chairs will find Current Protocols useful for grant 
writing and budgeting, and for planning long-term research projects.

How do I access Current Protocols?
The URL to access Current Protocols is: https://currentprotocols.onlinelibrary.wiley.com/

How do I stay up-to-date?
Current Protocols are reviewed by the editorial board and updated on a regular basis. Running searches regularly 
and accessing the HTML versions will guarantee you are using the most-up-to-date information. We encourage the  
use of the HTML or online PDF versions so you will always find the latest version.

Be sure to sign up for alerts by clicking the alerts icon on the menu bar to the right of SPECIAL ISSUES within a specific 
Current Protocol page. 
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How do I use Current Protocols?

HOMEPAGE1

LOGGING IN AND REGISTERING2

First, go to: 
currentprotocols.onlinelibrary.wiley.com 

From the homepage, clicking on any topic 
will allow you to access a particular Current 
Protocols title. You can also use the dropdown 
Current Protocols menu to choose a specific 
title. There are also dropdown menus to 
explore by subject or by technique, described 
in more detail below. 

Scroll down to see the latest protocols or to 
browse our “Best of” collection of protocols.  
You may want search across the entire 
collection using the search bar at the top  
of the page. 

From the homepage, you can also click on Login/Register at the top right of the screen. 

Registering or creating an account is easy and fast. You will be asked to use an institutional email and confirm that 
email during the registration process. Further instructions about how to log in and create your account can be 
found at the Wiley Online Library training hub. 

Once you’ve logged in, you can save your favorite protocols for quick and easy access in the future. These will 
appear in the Favorites sections under My Account (once you have logged in, you can navigate to it from the top 
right corner by clicking on your name). You will need to log in to save searches, access saved searches, 
or set up alerts.
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SEARCHING ON THE CURRENT PROTOCOLS PLATFORM3

The search bar at the top of the page will run keyword searches to find all relevant protocols. The results page 
features a number of filters on the left-hand menu.

�   Subjects: Use our custom Subject taxonomy to filter your searches. Each top level term can be expanded to 
narrow down your search results.

�   Techniques: Use our custom Techniques taxonomy to filter your searches. Each top level term can be expanded 
to narrow down your search results. Subject and Techniques filters can be used together to rapidly focus on your 
research needs.

�   Published in: Use this filter to narrow your search results to a particular Current Protocols title (e.g., Current 
Protocols in Molecular Biology). See 4. Searching Within a Current Protocols Title.

�   Publication type: all protocols will appear as “Journals”.

�   Publication date: you may use this filter to filter by year (last year, last two years, last five years or a custom range 
of your choice).

If you wish to refine your search and be more 

specific, click on Refine Search on the top of 

the results page. Similar to an advanced search, 

this will allow you to add limits and additional 

keywords.

Below each protocol listed in your search, you 

can click Abstract to read the abstract while 

staying on the same page. 

There are several different ways to sort your 

search: either by relevance or by date (from new 

to old or old to new).

You can also download citations for all results or 

selected results, by clicking on Export citations 

and selecting those you want to download.
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EXPLORING THE CURRENT PROTOCOLS COLLECTION5

As of 2021, Current Protocols publishes monthly, 
interdisciplinary issues, while also sorting those 
articles into their traditional legacy Current Protocols 
titles. Here, we will illustrate the various ways to 
browse Current Protocols content.
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SEARCHING WITHIN A CURRENT PROTOCOL TITLE4

After you use the search bar at the top of the page 
to search across all Current Protocols content, you 
can choose to restrict your results to a particular 
Current Protocols, as shown in the screenshot at 
the right.

Advanced Search (available from the search 
bar) will let you limit the search to author, title, 
keywords, etc., or to specify a publication date 
range. You can also click on Citation Search to 
search by citation. 

You may find more information about these searching modalities in the Wiley Online Library User Guide.

To see newly published protocols, click the View the 
latest articles button on the homepage. This brings 
you to the contents of the latest (in-progress issue). 

Click on the Special Issues tab to view special 
collections of protocols. Here you will find protocols 
in new subject areas and interdisciplinary collections.  
Current Protocols editors carefully curate the content 
for each title – inviting the best researchers to share 
their detailed protocols – with an eye toward creating 
the comprehensive collection of the most important 
protocols in the field. Exploring the topics collections 
provides valuable context – understanding the various 
methods that can be employed to perform a task or 
answer a particular research question. 

From here, you can scroll to browse the issue. 
You can view previous issues from the Browse 
Articles dropdown menu.



EXPLORING A CURRENT PROTOCOLS TITLE6

Many readers will want to focus their browsing to 
a particular Current Protocols legacy title; this is 
accomplished by clicking on the desired CP title 
on the homepage – either from the center list or 
from the Current  Protocols dropdown menu.
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Clicking on the Collections tab will bring you to the familiar CPMB collections (formerly topics or chapters). 
This provides the curated view of all of the protocols published by Current Protocols in Molecular Biology, 
organized by topic. 

Clicking on Molecular Biology will take you to the Current Protocols in Molecular Biology page. From here, 
click on the Browse Articles dropdown menu to either view the latest molecular biology articles, or view the 
CPMB issue archive.

https://currentprotocols.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1934-3647.GenomeEditing


NAVIGATING A PROTOCOL7

In the HTML version, you will notice a number  
of sections and functionalities. 

Top navigation

• Sections: open a drop-down menu and move  
to the section you want to read first. 

• PDF: access the protocol in PDF format, which 
you can download, zoom in/out, 
and print as needed.

• Tools: request permissions, add to favorites 
or track citations.

• Share: share the content with others.

Left-hand menu

• Figures: see all the figures within the protocol and download the files as .png or .ppt files.

• References: find all the references of other primary and secondary sources used to write this protocol.

• Related: find related protocols and other articles related to this protocol.

• Information: find information such as metrics, related keywords (which are hyperlinked and allow you to run  
a new search with one click), publication history and copyright information. 
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You can also take advantage of our custom taxonomies to browse the complete Current Protocols collection 
by either Subject or by Technique, which you can select from the dropdown menu on the Current Protocols 
homepage. Choosing your top level topic of interest will bring you to a page displaying the complete Subject or 
Technique taxonomy. This can be expanded to drill down to your particular area of interest. Clicking on your 
term of interest will return a complete set of articles across the entire CP collection on that topic. The list can 
be filtered as shown in the section describing Search, above. 



• Basic, Alternate and Support Protocols included 

as appropriate. Each protocol within the article has 

its own title, introduction and materials list  with 

information about obtaining the reagents.

• Reagents and Solutions section provides recipes 

for buffers that need to be prepared.

• Commentary section: Background Information, 

Critical Parameters, Troubleshooting, Anticipated 

Results, Time Considerations, Literature Cited.

• Protocol steps: Numbered, step-by-step, written in 

active voice, and providing detailed instructions. 

•  Italicized annotations to steps with helpful hints, 

alternatives, and additional
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SECTIONS IN A PROTOCOL8

• Title

• Author(s)

• Abstract, including list of protocols contained 

in the article

• Introduction to the article 



If you would like to submit a protocol for publication, visit the title in which you are interested. On the 
top navigation, click on the section For Authors. Within the drop-down menu, select Submit a proposal. 
The editorial board will consider your proposal, and if appropriate, will invite you to submit a manuscript 
describing the method in detail.

You may also submit your proposal 
by scanning the following QR code. 
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How do I publish a protocol?

• Troubleshooting: what to do if things don’t go  

as expected.

• Understanding Results




