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Abstract

Previous results from two proficiency panels of intracellular cytokine staining (ICS) from the
Cancer Immunotherapy Consortium and panels from the National Institute of Allergy and
Infectious Disease and the Association for Cancer Immunotherapy highlight the variability across
laboratories in reported % CD8+ or % CD4+ cytokine-positive cells. One of the main causes of
interassay variability in flow cytometry-based assays is due to differences in gating strategies
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between laboratories, which may prohibit the generation of robust results within single centers and
across institutions. To study how gating strategies affect the variation in reported results, a gating
panel was organized where all participants analyzed the same set of Flow Cytometry Standard
(FCS) files from a four-color ICS assay using their own gating protocol (Phase I) and a gating
protocol drafted by consensus from the organizers of the panel (Phase I1). Focusing on analysis
removed donor, assay, and instrument variation, enabling us to quantify the variability caused by
gating alone. One hundred ten participating laboratories applied 110 different gating approaches.
This led to high variability in the reported percentage of cytokine-positive cells and consequently
in response detection in Phase |. However, variability was dramatically reduced when all
laboratories used the same gating strategy (Phase Il). Proximity of the cytokine gate to the
negative population most impacted true-positive and false-positive response detection.
Recommendations are provided for the (1) placement of the cytokine-positive gate, (2)
identification of CD4+ CD8+ double-positive T cells, (3) placement of lymphocyte gate, (4)
inclusion of dim cells, (5) gate uniformity, and 6) proper adjustment of the biexponential scaling.
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Intracellular cytokine staining (ICS) is a common flow cytometry-based method for rapid
quantitation of cytokine-producing antigen-specific T cells. This method is more
comprehensive than ELISA or ELISPOT as it allows for simultaneous analysis of cell
phenotype and cytokine production on a single cell level. ICS is an important monitoring
tool for clinical trials to assess the immune response to vaccination, transplantation, and
other preventive or therapeutic immune interventions (1,2). However, ICS is a biological
assay that can lead to variable results within and across institutions that cannot easily be
controlled due to the lack of a “gold reference standard” to confirm an accurate
measurement of the true expected value. As such, proficiency panels have been designed as
an external validation tool and to identify sources of variability among participants with the
aim to introduce assay harmonization guidelines. In initial proficiency panels, variables that
impact assay performance are identified, and in subsequent panels, iterative testing leads to
the development of harmonization guidelines that can be implemented by the scientific
community. Assay harmonization can improve the quality of data and allow for greater ease
in comparing and interpreting data across multiple laboratories (3). The high degree of
complexity in an ICS assay can introduce multiple sources of variation, starting with (i)
sample preparation (freezing, thawing, and stimulation of T cells) and continuing through
(i) the staining procedure (antibody/fluorochrome choice, secretion inhibitor, and fixation/
permeabilization reagent selection), (iii) data acquisition that is influenced by instrument
setup (voltages and compensation) and type of flow cytometer, and finally, (iv) data analysis
(4,5). ICS proficiency panels have been conducted by the National Institute of Allergy and
Infectious Disease, the Division of Acquired Immunodeficiency Syndrome (DAIDS), the
Cancer Immunotherapy Immunoguiding Program, and the Cancer Immunotherapy
Consortium (CIC), and all came to the same general conclusion that a large source of
variation in reported results is due to different gating strategies (4,6-9).
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To our knowledge, there is no standardized method of gating for ICS experiments.
Currently, the decision about precisely where to draw a gate is highly subjective and gate
placement is largely based on the operator’s visual assessment. Furthermore, gating strategy,
or the sequence of plots to identify a final population, is also very subjective and based on
the operator’s preference. For instance, defining how to draw the cytokine-positive gate is of
particular importance in ICS gating as it can potentially change a positive response into a
negative response or vice versa. Choice of gating hierarchy can also confound the assay
outcome, for example, not gating on CD3 T cells could allow for CD4 dim-expressing
macrophages to be included in the T-cell analysis or not using a singlet gate may create a
false-positive that is really a cytokine-producing monocyte bound to a noncytokine-
producing T cell. Hence, training, guidance, and experience are crucial for successful
analysis of 1CS-based flow cytometry experiments. Unfortunately, very little organized flow
cytometry training is available, leaving the decision how to set gates mainly to locally
established standards and personal preferences of operators. Automatic gating algorithms are
in development, but require a combination of flow cytometry, bioinformatics, and
programming knowledge; as such they are only available at certain institutions as a research
tool (10,11). These also tend to be panel-specific and/or require algorithm training to work
effectively. There are very few papers, courses, or instruction in how to properly gate flow
cytometry data (12-14). Coexistence of various gating strategies is not necessarily a
problem but should at least be accompanied by full reported transparency on how gates were
set in a given experiment, making it easier for third-party investigators to judge reported
data sets and to compare results generated across institutions. Still, full gating strategies are
rarely published in scientific papers, although several initiatives including MyFlowCyt and
MIATA are attempting to improve the reporting of flow cytometry data (15,16). Therefore,
we designed a gating proficiency panel to study how gating strategies affect the variation in
reported percentage of cytokine-positive CD4+ and CD8+ T lymphocytes from an ICS
experiment. In this in silico proficiency panel, we eliminated all other sources of
experimental variability with the exception of gating strategy and gate placement.

The specific goals of this gating panel were (1) to obtain an overview of the gating strategies
currently used in the immune monitoring field for ICS, (2) to identify gating strategies
which produce results that reflect the underlying rate of cytokine-positive cells, and 3) to
summarize the findings into general recommendations for harmonization of gating
strategies, as an overall consensus document. Considering the importance of reliable and
harmonized immune monitoring and the similarity of assays across fields, the CIC
conducted this ICS Gating panel as a collaborative effort together with the Association for
Cancer Immunotherapy, the Cancer Vaccine Collaborative of the Cancer Research Institute
(CVCI/CRI), DAIDS, the External Quality Assurance Program Oversight Laboratory, the
Federation of Clinical Immunology Societies, the International AIDS Vaccine Initiative, the
Immunology of Diabetes Society, the Immune Tolerance Network, and the Society for
Immunotherapy of Cancer.
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Materials and Methods

Participants

One hundred ten laboratories participated in the ICS Gating panel from different fields and
organizations, comprising laboratories working in academia, industry, and government (see
Supporting Information Table S1 for complete list of participants). Three requirements had
to be met for participation: (1) the laboratory must have experience with analyzing data from
ICS experiments, (2) laboratories needed to participate in both phases of the Gating panel,
and (3) the same operator should perform the analysis during both phases of the panel. Each
laboratory received an individual laboratory ID number. One laboratory contributed two
data sets (two different protocols for gating) for Phase I, and one laboratory did not
complete Phase Il. Therefore, the analysis is based on 111 data sets for Phase | and 109 data
sets for Phase I1.

Panel Setup

The participating laboratories were required to download nine Flow Cytometry Standard
(FCS) files from the CIC proficiency panel website. The laboratories then analyzed these
files using their laboratory-specific gating protocol (Phase I). After completing the analysis
for Phase | and uploading all of the results to the CIC website, the laboratories were then
able to download a gating protocol (Supporting Information Fig. S1) drafted by consensus
from the organizers of the panel. The laboratories analyzed the nine FCS files for a second
time, this time using the consensus instructions (Phase 11) and uploaded their Phase Il results
to the website. The data reporting requirements for each phase were a survey, an Excel file
with the results of the analysis, and a PowerPoint graphical display of their gating strategy
for each FCS file. The Excel file captured (1) the percentage of lymphocytes in the
“lymphocyte gate,” (2) the percentage of CD3+ CD8+ cells, (3) the percentage of CD3+
D4+ cells, (4) the percentage of cells in the CD8+ cytokine+ gate, and (5) the percentage of
cells in the CD4+ cytokine+ gate. The survey for Phase | asked participating laboratories
about their gating protocol. The survey for Phase 1l asked laboratories to compare their
results from Phase | and Phase II.

FCS File Description

There were nine FCS data files that were FCS 3.0 format. The FCS files used in this panel
were a subset of files created by a laboratory that detected all of the positive responses
during the second CIC ICS proficiency panel conducted in 2009. The files were from
peripheral blood mononuclear cells (PBMC) from three healthy human donors (Donors 1, 2,
and 3) obtained with IRB approval from the Immunology Quality Assurance Center
Laboratory of the Duke Human Vaccine Institute, a division of the Duke University Medical
Center in Durham, NC, as described previously (17). PBMCs were each stimulated with
three conditions: unstimulated (negative control), CEF peptide pool (HLA class I restricted
T cell epitopes of cytomegalovirus, Epstein-Barr virus, and flu virus), and CMV pp65
peptide pool. The cells were stained with five antibodies: a dump channel (CD14 and CD19
Pacific Blue), CD3-FITC, CD4-PE-Cy7, CD8-Alexa 700, and IL-2/IFN-APC. No
Fluoresence Minus One (FMO) controls were provided, and the original laboratory did not
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do doublet exclusion or use a dead cell marker. Each FCS file contained a minimum of
100,000 cells.

Data Analysis and Interpretation

Central analysis of the gating panel was performed using the survey responses, analysis
results data, and gating graphical displays. A central review of all the dot plots/histograms
from Phase | and Il was conducted on the submitted Power-Point files to assess gating
strategies. The central review evaluated (1) if uniform gates were used (both within donor
and across donors), (2) if biexponential scaling was properly adjusted, (3) if placement of
dump, lymphocyte, CD3, CD4, CD8, and cytokine gates were adequate (did not contain
negative cells and included all positive cells), and (4) if double-positive (DP) cells were
included in a gate. The reviews were performed by two independent reviewers experienced
in the field. There is no gold-standard method of gating, and thus the review is necessarily
subjective. Therefore, to standardize the review, prior to conducting the review, all the
reviewers discussed what factors were important to examine and how to assess each of the
factors of interest. Furthermore, the findings of the reviewers were compared, and where
there were differences, a consensus was reached. A note about the plots used for Figures 3—
5: all of the images shown in these figures are the actual graphs provided by the
participating laboratories. Each laboratory used their own preferred software, scaling, axis
labeling, fonts, color scheme, and type of plot, as such the plots look very different from
each other. This further emphasizes the differences in gating between laboratories.

Statistical Analysis

Results

The percentages of cytokine-positive cells reported by each laboratory are graphically
presented for both phases of the panel and are summarized using descriptive statistics. The
predefined response for each donor and reagent was based on repeated pretesting results,
which were confirmed by the results of the 2009 ICS proficiency panel. Those donor—
reagent combinations that were expected to be negative based on the pretesting results were
categorized as a false-positive if the laboratory had greater than two times background for
that combination. Similarly, laboratories that had less than two times background for donor—
reagent combinations that were expected to be positive based on pretesting results were
assumed to have missed a response. To examine the association between response detection
and laboratory protocol, laboratories were grouped into three groups: (1) laboratories that
detected five or six responses and no false-positive responses, (2) laboratories that detected
five or six responses and had false-positive responses, and (3) laboratories that detected
fewer than five responses. The gating protocols and other laboratory characteristics were
compared for these three groups of laboratories. The variables considered originated from
the responses to the questions from the surveys about the laboratories’” gating protocol and
the central review of the Power-Point files.

Overall Variability

Phase |I—In the first phase, participants used their laboratory-specific gating protocol to
gate the nine FCS files. Supporting Information Table S2 provides an overview of the
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responses to the survey about laboratory-specific gating protocols. Of the 110 laboratories,
there were 110 different approaches to gating. Figures 1A and 1C show the CD8+ and CD4+
T-cell cytokine-positive percentages, respectively, for Donor 1 from each participating
laboratory for each of the three reagents (unstimulated, CEF, and CMV) when laboratories
used their own gating protocols (Phase 1). The CEF and CMV responses are widely variable
among the participating laboratories, ranging from 0 to 1%. There was also large variability
in the reported percentage of cytokine-positive cells when laboratories used their own gating
protocols for the other two donors (Supporting Information Table S3). The background
responses (unstimulated group) were much higher in Phase I, with some laboratories having
a background greater than 0.5% (Fig. 2A).

Phase Il—Figures 1B and 1D illustrate the CD8+ and CD4+ T cell cytokine-positive
percentages for Donor 1 from each participating laboratory for each of the three reagents
(unstimulated, CEF, and CMV) when laboratories used the gating protocol drafted by
consensus from the organizers of the panel (Phase Il). It is evident when comparing Figures
1A and 1B (CD8+) and Figures 1C and 1D (CD4+) that the CEF and CMV responses are
less variable across laboratories when the same consensus gating SOP is used compared
with the reported results where laboratories used their own gating SOP. In fact, the standard
deviation was between 2.5 and 25 times larger in Phase | than Phase Il with half of the
donor/reagent CD4+ or CD8+ results in Phase | having a standard deviation of at least nine
times larger than the standard deviation of the same donor/reagent/CD+ combinations in
Phase Il (Supporting Information Table S3). The mean background response in Phase | for
CD4+ T cells was 0.07% and for CD8+ T cells was 0.13%, whereas the CD4+ and CD8+
background cytokine responses were 0.02% and 0.05%, respectively, in Phase 1I. This is
highlighted in Figures 2A and 2B where the background responses seen when laboratories
use the same consensus gating protocol (Phase I1) are markedly lower than the background
responses illustrated in Phase 1.

Response Detection

Ideally, based on extensive pretesting, a laboratory should have detected six positive
responses, one low-positive response (<0.15%) and five negative responses. A laboratory
was considered to have detected a positive response if the antigen stimulation (CMV or
CEF) was at least twice the background of the unstimulated sample from the same donor.
About 73% of laboratories detected five or six responses in Phase | versus 92% in Phase Il
(Table 1). Furthermore, 23% of laboratories in Phase | detected two or more false-positive
responses (greater than two times background in a negative donor stimulation) when
compared with only 9% of laboratories in Phase II.

Gating Process

To come to a consensus on harmonizing gating protocols, it is important to examine each
step of the gating process, including gate sequence and gate placement, and to determine
which approach leads to detection of all true-positive responses without false-positive
results. Laboratories were grouped into three groups according to the number of true-
positive and false-positive responses from Phase | where laboratories used their own gating
protocol: (1) laboratories that detected five or six responses and no false-positive responses
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(n=37), (2) laboratories that detected five or six responses and had false-positive responses
(n =44), and (3) laboratories that detected fewer than five responses (n =28). An analysis
was performed to examine the association between response detection using these three
groups of laboratories and laboratory protocol variables to understand which variables
influence gating results. Importantly, even laboratories that followed the same gating
strategy had differences in their results that were found to be associated with gate placement.
The overall gating recommendations based on this analysis can be found in Table 2.

Cytokine Gate

During the central review of all gating strategies, three main approaches to gate on the
cytokine-positive cells were observed: (1) placing the gate so that no negative cells were
included and all of the cytokine-positive cells, both low and high positives were included
(adequate proximity; Fig. 3A), (2) placing the cytokine gate too close to the cytokine-
negative population and often including some of the cytokine-negative cells in the gate (Fig.
3B), and (3) placing the gate too far from the cytokine-negative cell population (Fig. 3C).
Table 3 describes the association of the central review analysis for the cytokine gates and
response detection (5/6 responses and NO false positives, 5/6 responses and false positives,
and <5 responses). About 89-92% of laboratories that detected five or six responses and no
false positives had a gate that included all cytokine-positive cells (high and low positives),
whereas 64% of laboratories with five or six positive responses and false positives had a
cytokine gate that did not include cytokine low cells. Laboratories that detected fewer than
five responses had the highest percentage (57%) of gating too close to the negative
population. Laboratories that detected five or six responses but had false positives had the
largest percentage (64—-66%) of placing their cytokine gates too far from the negative
population. Laboratories that set the CD4 cytokine gate too far from the negative population
had a median background of 0.01. Laboratories that had a CD4 cytokine gate of adequate
proximity had a median background of 0.03, whereas laboratories that set their gates too
close to the negative population had a median background of 0.08, a much higher
background.

CD4+ CD8+ Double-Positive T Cells

Most laboratories (81%) indicated in the survey that they excluded CD4+ CD8+ DP T cells
or gated them separately, and 10% indicated that they included DP cells in both the CD4 and
CD8 gates. In the central review of the Phase | PowerPoint files, 63% of laboratories
excluded DP cells and 34% included DP cells in both the CD4 and CD8 gates. Therefore,
even though more than 80% of the laboratories indicated that they excluded DP cells in the
survey, many of the laboratories do not apply that in practice to their gating strategy. As
shown in Figure 4A, when CD4 and CD8 are gated in the same dot plot, it is easy to identify
the CD4+ CD8+ DP cells. However, when CD4 and CD8 are gated versus CD3, the DP
population is not differentiated, and often the DP cells are included with both CD4 and CD8
gates (Fig. 4B). It is important to note that CD4+ CD8 dim T cells are a separate T-cell
population from CD4+ CD8+ DP T cells and have been shown to be MHC Class 11
dependent, respond to antigens such as CMV, and should be included in the CD4+ T cell
gate (18).
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Inclusion of Dim Cells

Dim cells are cells that have lower expression of CD3, CD4, or CD8. As stimulated T cells
can downmodulate their surface receptors, it is often thought that these dim cells are
activated T cells that could secrete cytokines (18,19). Most laboratories (74%) indicated in
the survey that they included CD3 dim cells, and 76% indicated that they included
CD4/CD8 dim cells. Among those that stated they included dim cells, the main reasons
given were due to downregulation of coreceptor (55%) and that some dim cells indicate a
positive response (23%). Among those that indicated that they did not include dim cells, the
main reasons given were that dim cells can be myeloid cells (41%), dim cells are DP cells
(15%), and that there were no dim cells present (11%). As a CD14 and CD19 dump gate was
included, the dim cells in these files are not myeloid cells; otherwise they would have been
excluded with the dump gate.

In the central review of the Phase | dot plots, 44% of laboratories included CD3 dim cells,
47% included CD4 dim cells, and 51% included CD8 dim cells. Therefore, even though
75% of the laboratories indicated that they include the dim cells in the survey, less than half
of the laboratories apply that in practice. Examples of including dim cells in the CD3 gate
are shown in Figure 4C, and Figure 4D shows an example of drawing the CD3 gate too tight
and thereby excluding CD3 dim cells. Similar graphs were seen with CD4 and CD8 dim
cells (data not shown).

Lymphocyte Gate

In the review of the Phase | PowerPoint files, 45% of laboratories had a lymphocyte gate
that included all lymphocytes and had no debris or red blood cells, 22% had a gate that
excluded lymphocytes, 17% had a gate that was too large as it included nonlymphocyte
cells, and 13% had a gate that included red blood cells or debris. Figure 4E shows an
example of a lymphocyte gate that is large enough to include all lymphocytes, and Figure 4F
shows a gate that is too tight and excludes many lymphocytes.

Uniform Gates

Uniform gating is the practice of applying the same set of gates to all applicable samples
(Fig. 5A). Most laboratories (73%) indicated in the survey that they used the same gates for
all samples within a donor for consistency and comparability of results. In the review of the
Phase | PowerPoint files, 88% used uniform gates within a donor and 73% used uniform
gates across donors. In the group of laboratories that detected five or six positive responses
and no false-positive responses, only 3% did not use uniform gates within a donor, whereas
in laboratories that had false-positive responses, 16% did not use uniform gates within a
donor.

Biexponential Scaling

Proper adjustment of biexponential scaling is important because difficulty visualizing all
populations due to the cells being pushed against the axis may result in detecting fewer
responses. In addition, applying too much biexponential transformation can result in “valley
artifacts” where the negative population has merged into the positive population, making it
difficult to discern the demarcation between positive and negative cells (20). “Trimodal”
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populations also make it difficult to assess where to place the gate (Fig. 5B). About 32% of
laboratories that detected less than five responses had populations pushed against the axis,
whereas only 14% of the laboratories that detected all of the responses had populations
pushed against the axis.

Discussion

Overall Variability

The variability in Phase I results confirms the findings from previous proficiency panels that
gating approach is a significant source of the variability in reported results. Unfortunately,
there is no gold standard for ICS experiments and in general for flow cytometry assays. As
this assay is measuring a biological response in live cells, there is inherently more variability
than assays measuring a soluble analyte. Therefore, it is important that the analysis of these
complex immune assays is precise, reproducible, and as accurate as possible. The results
from this proficiency panel show that the variation in detecting a positive response is
decreased if all laboratories follow the same consensus gating protocol and that the
background responses are decreased and much less variable. Therefore, these results
demonstrate the urgent need for harmonization of gating protocols to ensure comparability
of results across laboratories. Gating recommendations based on the results from this gating
panel are summarized in Table 2, and these recommendations are expanded on in the
following sections. These recommendations are based on consensus from the 110
participating laboratories.

Cytokine Gate

The placement of the cytokine gate relative to the negative population is the step in the
gating protocol that most clearly impacted false-positive and true-positive response
detection in this panel. It is important to note that a positive response was defined in this
panel as at least two times above background. These findings indicate that laboratories that
set the cytokine gate too far (over a log distant) from the negative population and did not
include cytokine low cells were more likely to get false-positive responses, 64% versus 11%
(Table 3). This is probably due to the low background seen when the gates are set far from
the negative population, leading to negative responses being incorrectly determined to be a
positive response. Laboratories that set the cytokine gate too close to the negative population
(actually including some negative cells in the gate) were more likely to detect fewer
responses (Table 3). This is probably due to the large background seen when the gates are
set too close which would only allow a large response to be determined as a positive
response. Laboratories might assume that the larger the cytokine gate, the less the likelihood
of missing a cytokine-positive cell and thus the higher the chances of detecting a positive
response. However, the opposite is true as placing the gate so close to the negative/positive
boundary artificially increases the background and results in underestimation of the cytokine
response.

To decrease the likelihood of detecting false positives and to increase the magnitude of the
response, cytokine gates should not include negative cells and should include all of the
cytokine-positive cells (both high- and low-positive cells). A dot plot of CD4 versus
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cytokine or CD8 versus cytokine should be used to draw a gate starting a short distance from
the negative population, as shown in Figure 3A. The gate should be positioned to not include
any of the negative cells. The negative cells usually consist of the main population and a
“halo” of individual cells just next to the main cells. Draw the cytokine gate next to the
boundary of the halo cells. The gate should be sufficiently large to include all cytokine high
cells. Backgating strategies, for example, gating on cytokine low cells and establishing
where they fall in earlier gates, can be applied to help determine the optimal location to
place the cytokine gate and to ensure that all cytokine-positive cells are included in the gate.

CD4+ CD8+ Double-Positive T Cells

The discrepancy in the number of laboratories that reported that they excluded DP cells and
laboratories that actually excluded DP cells in practice could be due to the fact that many
laboratories plotted CD4 and CD8 on separate plots and therefore inadvertently included the
DP cells in both the CD4 and CD8 plots.

Therefore, it is advisable to gate on CD4 versus CD8 expression to allow clear identification
of the subset of CD4+ CD8+ DP T cells. If it is of interest to include DP cells, it may be best
to include them as a separate population or with only one of the T-cell populations (CD4 or
CD8 cells) but not with both CD4 and CD8 cells.

Inclusion of Dim Cells

As stimulated T cells can downmodulate their surface receptors, it is suggested that the

CD3, CD4, and CD8 gates be drawn large enough to include the main population and all
dim events (21,22). Not collecting dim cells may result in detecting fewer positive
responses. Backgating on the cytokine-positive population should be performed to determine
if the CD3, CD4, and CD8 dim cells contain cytokine-positive cells.

Lymphocyte Gate

The lymphocyte gate should be large enough to include all lymphocytes. However, the gate
should not include red blood cells or debris, which can cause autofluorescence or
nonspecific binding of antibodies that could lead to false-positive responses and/or increased
background.

Uniform Gates

Applying uniform gating within a donor can affect the detection of positive responses. If a
laboratory was to change its cytokine-positive gate between the unstimulated sample and
antigen-stimulated sample, it could decrease the background while increasing the likelihood
of detecting a false positive response (Fig. 5A). This also defies the logic of including a
negative control to determine baseline or background responses. Additionally, changing
gates between donors might make it difficult to compare results between different groups of
donors within a specific experiment or in longitudinal studies. However, no consensus on a
general strategy for applying uniform gates between donors exists, and a decision has to be
made based on the study question and setup.
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After the final report and conclusions were released to all participants, a webinar was
hosted, and 46 of the participating laboratories joined to discuss the gating panel results. The
use of uniform gates generated an extended discussion. Many laboratories change the
lymphocyte, dump, and/or T-cell gates both between and within donors as each donor is
unique, and the cell populations might look slightly different between donors. However,
alteration of the penultimate gate, the cytokine-positive cells, led to further debate. Although
all laboratories agreed that using uniform gates within a donor was necessary, many
laboratories did not agree that uniform gates should be applied across donors. It was argued
that as there can be donor-to-donor variability in the appearance of cell populations, it is
important to adjust the cytokine gate between donors to include the appropriate cells.
Laboratories that prefer to not change the cytokine gate across donors indicated that they do
so to more easily compare results within an experiment.

Biexponential Scaling

Difficulty in fully visualizing all populations due to the populations being pushed against the
axis, as shown in Figure 5B, may result in detecting fewer responses. However, how to
properly adjust scaling to clearly visualize all populations needs to be clearly defined. There
are several tutorials and papers that help to understand biexponential transformation of flow
cytometry data (23,24); FlowJo Transformation Overview).

Conclusions and Next Steps

This gating proficiency panel is a landmark panel as many different laboratories and
immune monitoring networks came together from diverse backgrounds to address a common
challenge. The results shown here demonstrate a marked benefit to harmonizing gating
strategies to decrease variability and to increase accuracy and comparability of results across
laboratories in ICS assays. Although the conclusions and recommendations in this article are
based on our observations during this gating panel, these results should be used by others,
with expertise in the area of computational and mathematical approaches, to help us identify
specific software and algorithms that may be used to more precisely identify and quantify
rare antigen-specific cells of interest. Our current analysis tools are not adequate for the
types of assays we are running or too complex for the average user.

New software is being developed that uses complex algorithms for automated gating
(10,11,25,26). One such automated gating program was among the best performers in this
panel. However, more work is needed to make these programs easy to use, amenable to
differences in experimental parameters (such as antibody—fluorochromes) between
laboratories, less computationally intense, and readily available to the entire flow cytometry
community. FlowCAP and other groups are actively working on standardizing these efforts
(27).

To further study the harmonization of ICS gating, a second gating panel is being rolled out
in 2013 to confirm the recommendations from the first panel and to increase reproducibility
of results across laboratories. Another aspect of analysis of ICS experiments that affects
reproducibility across laboratories is the question of how to define a positive response.
Criteria for determining a positive response can range from simply subtracting background
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to twofold, threefold, or even fourfold above background to more complex statistical
analyses. Several groups are now addressing the need for standardized methods to determine
cytokine positivity. These efforts in combination with other ongoing projects in the immune
monitoring field will critically impact the role and positioning of immune monitoring in the
field of basic research and translational medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Decreased variability if same gating strategy is used. Graph describes the percentage of
cytokine-positive CD8+ (A and B) and CD4+ T cells (C and D) for Donor 1 with each of the
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three stimulants (unstimulated, CEF, and CMV) for all 110 participating laboratories.
Unstimulated results are indicated by a black dot, CEF results are indicated by a red
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Phase I using laboratory-specific gating protocol and (B and D) Phase |1 using consensus

gating protocol are shown. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Background is decreased when laboratories use the consensus gating strategy. Box plot of
(A) CD4+ background cytokine-positive levels (all three cytokine-positive percentages
reported for the unstimulated samples of the three donors for each laboratory in Phase I, (B)
all CD4+ background cytokine-positive levels for each laboratory in Phase 11, (C) all CD8+
background cytokine-positive levels for each laboratory in Phase I, and (D) of all CD8+
background cytokine-positive levels for each laboratory in Phase I1.
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Figure 3.
Different approaches to the placement of cytokine-positive gate. Actual graphs from

different participating laboratories, all of the examples are from the same FCS file, Donor 2,
CEF stimulated. (A) An example of a cytokine gate with adequate proximity. (B) A cytokine
gate that is too close to the negative population. (C) A cytokine gate that is drawn too far
from the negative population, missing many cytokine-positive cells. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure4.
DP T cell gate, dim gates, and lymphocyte gate. Actual graphs from different participating

laboratories, all of the examples are from the same FCS file, Donor 2, CEF stimulated. (A)
CD4 and CD8 are gated in the same dot plot, making it very easy to identify the DP cells.
(B) CD4 and CD8 are gated versus CD3. The DP cell population is not differentiated and
thus is included with both CD4 and CD8 gates. (C) CD3 dim or low-positive cells are
included in the CD3 gate. (D) CD3 gate is drawn too tightly and the dim cells are not
included in the gate. (E) Lymphocyte gate is large enough to include all lymphocytes. (F)
Lymphocyte gate is too narrow and excludes many lymphocytes. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figureb5.

Uniform gates and biexponential scaling. Actual graphs from different participating
laboratories, all of the examples are from the same FCS file, Donor 2, CEF stimulated. (A)
The cytokine gate for Donor 2 is displayed with unstimulated on the left and CEF stimulated
on the right. The cytokine gates are not uniform and are much larger in the CEF-stimulated
sample. (B) Three dot plots are shown with incorrectly applied biexponential scaling. The
dot plot on the left has a trimodal CD4 population, the middle dot plot has a trimodal CD8
population, and the dot plot on the right displays under-scaled populations, where some of
the cells are pushed against the axis. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Total number of positive, low-positive, and false-positive responses detected within a laboratory

NUMBER OF DETECTED
RESPONSESWITHIN A

PHASE | (LABORATORY
SOP): NUMBER OF

PHASE Il (GATING
STRATEGY SOP): NUMBER

LABORATORY?2 LABORATORIES OF LABORATORIES
True-positive responses 0 0 0
1 3 (3%) 2 (2%)
2 3 (3%) 1 (1%)
3 8 (7%) 1 (1%)
4 16 (14%) 5 (5%)
5 20 (18%) 17 (16%)
6 61 (55%) 83 (76%)
True low-positive responses 0 67 (60%) 56 (51%)
1 44 (40%) 53 (49%)
False-positive responses 0 58 (52%) 66 (61%)
1 28 (25%) 33 (30%)
2 22 (20%) 10 (9%)
3 2 (2%) 0
4 1 (1%) 0

aResponse is positive if >2 times background (unstimulated).
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Table 2

Summary of current gating recommendations for assay harmonization

RECOMMENDATION

Cytokine gate
Double-positive cells

Dim cells
Lymphocyte gate
Uniform gates

Biexponential scaling

Cytokine gate should not include negative cells and should include all of the cytokine-positive cells (both high- and
low-positive cells).

Gate on CD4 and CD8 to allow clear identification of the double-positive cells. Include as a separate population or
with either CD4 or CD8 cells but not with both.

Draw gates around the main populations of CD3, CD4, and CD8 that include dim events.
Lymphocyte gate should be large enough to include all lymphocytes. It should not include RBC or debris.
Uniform gates should be used for all samples within a donor.

Proper adjustment of biexponential scaling is important to clearly and completely visualize all populations.
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