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Abstract

Background—~Qualified or validated assays are essential in clinical trials. Short-term
stimulation of whole blood and intracellular cytokine staining assay is commonly used to measure
immunogenicity in tuberculosis vaccine clinical trials. Previously, the short-term stimulation
process of whole blood with BCG was optimized. We aimed to qualify the intracellular cytokine
staining process and assess the effects of long-term cryopreservation. Our hypotheses were that
the assay is robust in the measurement of the mycobacteria-specific T cells, and long-term
cryopreservation of fixed cells from stimulated whole blood would not compromise reliable
measurement of mycobacteria induced CD4 T cell immunity.
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Methods—Whole blood from healthy adults was collected in sodium heparinized tubes. The
blood was left unstimulated or stimulated with mycobacterial antigens or mitogens for 12 h. Cells
were harvested, fixed and multiple aliquots from each participant cryopreserved. Later,
mycobacteria-specific CD4 and CD8 T cells expressing IFN-y, TNF-a, IL-2 and IL-17 were
quantitated by flow cytometry. Assay performance characteristics evaluated included limit of
quantification and detection, reproducibility, precision, robustness, specificity and sensitivity. To
assess the effects of long-term cryopreservation, fixed cells from the stimulated bloods were
analysed one week post-cryopreservation and at 3-month intervals over a 3-year period.

Results—The limit of quantification for the different cytokines was variable: 0.04% for
frequencies of IFN-y- and IL-2-expressing T cells and less than 0.01% for TNF-a- and IL-17-
expressing T cells. When measurement of the mycobacteria-specific T cells was assessed at levels
above the detection limit, the whole blood intracellular cytokine assay showed high precision that
was operator-independent. The assay was also robust; variation in staining conditions including
temperature (4 °C or 20-23 °C) and time (45, 60 or 90 min) did not markedly affect quantification
of specific T cells. Finally, prolonged periods of cryopreservation also did not significantly
influence quantification of mycobacteria-specific CD4 T cells.

Conclusions—The whole blood intracellular cytokine assay is robust and reliable in
quantification of the mycobacteria-specific T cells and is not significantly affected by
cryopreservation of fixed cells.

Keywords
Qualification; Whole blood; Intracellular cytokine staining assay; Flow cytometry

1. Introduction

Control of the global tuberculosis (TB) pandemic, which still has significant morbidity with
more than 8 million people getting the disease every year (World Health Organization,
2013), is an urgent priority. Epidemiological modelling suggests that elimination of TB can
only be achieved with an effective vaccination strategy, coupled with better diagnosis and
more effective treatment of persons infected with Mycobacterium tuberculosis (M.tb) and
with TB disease (Abu-Raddad et al., 2009; Dye et al., 2013). Immunization with Bacille
Calmette-Guerin (BCG), the only licensed TB vaccine, confers protection against severe
forms of TB in infants, such as miliary TB and TB meningitis, however efficacy against
adult and childhood pulmonary disease is variable and mostly poor (Trunz et al., 2006). A
more efficacious vaccine is urgently needed and 16 new TB vaccines are currently in
clinical testing (Evans et al., 2013).

Measurements of vaccine immunogenicity, or vaccine take, in preclinical development and
human trials routinely include quantitation of antigen-specific Thl and Th17 cells (Scriba et
al., 2012; Day et al., 2013; Abel et al., 2010; Khader et al., 2007). A number of distinct
immunological assays, among them IFN-y ELISPOT, intracellular cytokine staining (ICS)
assays and ELISA-based quantification of IFN-y-release, have been used to measure
immunogenicity of the different TB vaccine candidates (Ota et al., 2011; Abel et al., 2010;
van Dissel et al., 2010). Results of outcomes generated by these different methodologies
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could be usefully compared only if qualified or validated assays are used. Until this is
achieved it is difficult to include immunogenicity criteria when gauging the potential value
of a given vaccine against those of other candidates. There is a clear and urgent need to
optimize, standardize, qualify and validate assays that are suitable for measuring antigen-
specific T cell responses.

We previously optimized a whole blood (WB) ICS assay for measurement of antigen-
specific Th1 responses in clinical studies (Hanekom et al., 2004), and have applied this WB-
ICS assay to evaluate immunogenicity in many clinical studies of TB vaccines in infants and
adults (Hawkridge et al., 2008; Scriba et al., 2012; Scriba et al., 2011; Scriba et al., 2010;
Day et al., 2013; Abel et al., 2010; Tameris et al., 2013). Advantages of the WB-ICS assay
over PBMC-based assays include a requirement for smaller blood volumes, and immediate
antigen stimulation of fresh cells leading to less cell death and lower sensitivity of fixed
cells to freezing and thawing procedures (Hanekom et al., 2008). This assay is thus suitable
for resource-limited settings where TB, HIV/AIDS and malaria are endemic and are the
ideal sites for clinical trials.

Here we describe qualification of the WB-ICS assay readout by flow cytometry. Assay
qualification precedes assay validation. Validation is defined as an evaluation of the method
on its fitness for the intended applications ((FDA) FaDa, 1996). The assay validation process
involves evaluating performance characteristics of several parameters to ensure that the
assay limitations are known when applied to measure predefined outcomes. Assay validation
parameters include, among others, accuracy, specificity, limit of detection, reproducibility or
inter- and intra-assay co-efficient of variation (CV), precision, linearity and robustness
((FDA) FaDa, 1996). Establishing accuracy (how close the measured value is to the true
value ((FDA) FaDa, 1996)) in ICS assays is impractical because the true value is unknown.
We aimed to qualify the WB-ICS assay and established some of the performance
characteristics of the WB-ICS assay.

2. Methods

2.1. Study participants and blood collection

Healthy adults were recruited at the Institute of Infectious Disease and Molecular Medicine
(IDM) of the University of Cape Town in South Africa, or at the South African TB Vaccine
Initiative (SATVI) field site in Worcester, 110 km from Cape Town. All participants
reported BCG vaccination at birth. The study protocol was approved by the University of
Cape Town Research Ethics Committee, and all procedures adhered to the guidelines of the
National Health Research Ethics Council. Good clinical practice guidelines were adhered to
including written informed consent. VVenous blood was collected from study participants in
sodium heparin tubes and processed within 60 min.

2.2. Antigens used in WB-ICS

Bacillus Calmette Guerin (BCG) Danish 1331 (Statens Serum Institut, Copenhagen) was
reconstituted in the vaccine vial with RPMI and used at a final concentration of 1.2 x 10°
CFU/mL of blood, a dose previously optimized (Hanekom et al., 2004). Purified protein
derivative (PPD, Statens Serum Institut, Copenhagen) was used at a final concentration of
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10 pug/mL. In some experiments, peptide pools spanning ESAT-6 and CFP-10 or Ag85A
mycobacterial proteins (15-mers, overlapping by 10 amino acids, each at 2 pg/mL; Peptide
Protein Research Ltd.) were used. For positive controls, stimulation was done with either
Staphylococcal enterotoxin B (SEB, Sigma) or Phytohemagglutinin (PHA, HA16, Sigma),
at final concentrations of 10 pg/mL or 5 pg/mL, respectively, as previously described
(Hanekom et al., 2004).

2.3. Short-term whole blood stimulation and cryopreservation

One milillitre of whole blood, pipetted into Sarstedt tubes, was either left unstimulated
(negative control) or stimulated with mycobacterial antigens (as described above), or
positive controls of SEB or PHA (either but not both positive controls), in the presence of
co-stimulatory antibodies (anti-CD28 and anti-CD49d, each at 1 pg/mL; BD Biosciences).
These co-stimulatory antibodies have been shown to increase cytokine expression in specific
T cells (Hanekom et al., 2004). Blood was incubated at 37 °C for 12 h, and Brefeldin-A
(Sigma-Aldrich, 10 pg/mL) was added during the last 5 h of incubation. The blood was then
harvested with EDTA (Sigma, 2 uM) red blood cells were lysed and white blood cells fixed
with FACS lysing solution (BD Biosciences). Fixed white cells were pelleted and multiple
aliquots were cryopreserved with 10% DMSO (Sigma) in 40% foetal calf serum (BioWest)
in RPMI at —190 °C in the vapor phase of liquid nitrogen.

2.4. Thawing and permeabilisation of cryopreserved fixed cells

Cryovials containing the stimulated, fixed and frozen white cells from whole blood were
retrieved from liquid nitrogen tanks and thawed in a water bath at 37 °C for 2 min. Thawed
cells were transferred from cryovials to labelled tubes containing 2 mL of phosphate
buffered saline (PBS, BioWhittaker). Thereafter the cells were centrifuged at 215 g for 5
min. Next, the cells were permeabilised by adding 2 mL Perm/Wash solution (BD
Biosciences) and incubated at room temperature for 10 min (unless specific incubation
temperatures were investigated).

2.5. Intracellular cytokine staining (ICS) and flow cytometry

Thawed cryopreserved fixed cells were washed in PBS and immediately stained with
cocktails of monoclonal antibodies for 60 min at 4 °C, unless otherwise indicated. Two
different flow cytometry antibody panels were used: One monoclonal antibody panel was
for multiparameter flow cytometry, utilizing a BD LSR Il cytometer. For these experiments,
the cells were thawed, permeabilised in BD Perm/Wash buffer and stained with previously
optimized antibody-fluorochrome combinations to the following markers: CD3-PacBlue
(BD Biosciences, clone MOPC-21), CD4-QDot605 (Invitrogen, S3.5), CD8-PerCPCy5.5
(BD Biosciences, SK1), IFN-y-Alexa700 (BD Biosciences, B27), TNF-a-PeCy7
(eBioscience, Mb11), IL-2-FITC (BD Biosciences, 5344.111), IL-17-Alexa647
(eBioscience, SCPL1362) and the Ki67-PE (BD Biosciences, B1). Cytometer Setting and
Tracking (CST) beads (BD Biosciences) were acquired before each experiment to ensure
that cytometer parameters remained consistent across all experiments. Stained samples were
acquired with a standard stopping gate set at 200,000 CD3 lymphocytes. Single stained and
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negative compensation beads (BD Biosciences) were acquired for each experiment, before
sample acquisition, and used to calculate the compensation matrix.

To measure effects of long-term cryopreservation on ICS outcomes in fixed white blood
cells, a second monoclonal antibody panel comprising of CD4-APC (SK3) and IFN-vy-PE
(25723.11; both from BD Biosciences) was acquired on a FACSCalibur (BD Biosciences).
For these experiments, cells were thawed, permeabilized in BD Perm/Wash buffer and
stained as indicated above before acquisition. At least 40,000 CD4 T cells were acquired.

2.6. IFN-y ELISpot assay

We compared frequencies of IFN-y expressing cells detected by WB-ICS and IFN-y
ELISpot assay from samples collected in a previously completed clinical trial of the
candidate TB vaccine, MVAB85A (Scriba et al., 2011). We analysed data from a subset of 36
healthy infants enrolled into the TB014 trial, who received a single intradermal vaccination
of 5 x 107 pfu of MVABSS5A (clinicaltrials.gov NCT00679159). The WB-ICS assay was
performed as described above. Whole blood and PBMC were stimulated in parallel with a
single pool of peptides spanning the Ag85A protein (15-mers, overlapping by 10 amino
acids, each at 2 ug/mL; Peptide Protein Research Ltd.). For ELISpot assay, medium alone
served as negative control and PHA, (10 pug/mL) as a positive control. ELISpot plates,
containing 3 x 10° peripheral blood mononuclear cells (PBMC) per well, were incubated
with antigens for 18 h at 37 °C and developed according to the manufacturer’s protocol
(Mabtech), as previously described (Scriba et al., 2011). Assays were performed in duplicate
wells and the average (with background subtracted) was used for analysis.

2.7. QuantiFERON-TB Gold In-Tube assay (QFT)

We also compared frequencies of IFN-y expressing CD4 T cells detected by ICS upon blood
stimulation with ESAT-6 and CFP-10 peptide pools with levels of antigen-specific IFN-y
release measured by the validated QFT (Mazurek et al., 2010). The QFT was performed
according to the manufacturer’s protocol (Cellestis).

2.8. WB-ICS assessments

To assess the lower limit of quantification (LOQ) of the WB-ICS assay, blood from two
healthy adult volunteers was stimulated with BCG or left unstimulated. Stimulated cells
were serially diluted with autologous unstimulated cells, ranging from 2 to 4096-fold.
Unstimulated, BCG-stimulated and serially diluted samples were then stained with an 8-
colour antibody panel, as described above, and cytokine expression by CD4 and CD8 T cells
was analyzed on a LSR |1 cytometer. Expected frequencies were derived by dividing the
frequencies of BCG-specific cytokine-expressing CD4 and CD8 T cells in the undiluted
samples by the dilution factor.

To assess intra-assay variability, 3 to 5 aliquots of unstimulated and BCG stimulated whole
blood generated in the same experiment (performed in 3 donors) were thawed, stained and
acquired on 4 separate days.
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To assess inter-operator variability, the same procedure outlined above to assess intra-assay
variability was conducted by two different operators.

To assess robustness, two operators independently retrieved multiple aliquots of stimulated
and fixed cells derived from 3 adult volunteers and stained the cells for 45, 60 and 90 min at
either room temperature (20-23 °C) or at 4 °C.

To assess effects of long-term cryopreservation on the WB-ICS assay, whole blood from 11
healthy adults was stimulated with BCG, PPD, and SEB, or was left unstimulated, processed
and cryopreserved. Fixed cells from stimulated WB were thawed, stained and acquired one
week after cryopreservation and then every 3 months over a 4-year period.

2.9. Data analysis

3. Results

All flow data analyses were performed using FlowJo software (version 9.0.2, TreeStar, Inc.).
Statistical analysis was done with Microsoft Excel (2008) and GraphPad Prism (version 5a).
Frequencies of cytokine-expressing CD4 and CD8 T cells are reported after subtracting
frequencies of cytokine-expressing cells detected in unstimulated controls. Ki67-expression
by both CD4 and CD8 T cells was too low for reliable quantification; therefore, the
molecule was excluded from the analysis. To assess precision, reproducibility and
robustness, we calculated the mean, standard error of the mean and the coefficient of
variation of frequencies of specific cytokine-expressing CD4 and CD8 T cells. Variance
component analysis was performed to estimate the inter-run variance and the intra-run
variance. The overall precision of the assay is the variability calculated from the results of
two operators.

To assess influence of time of cryopreservation on WB-ICS readout, intra-individual
coefficient of variation was calculated across multiple experiments performed over time of
cryopreservation.

Associations between WB-ICS, ELISpot and QuantiFERON readouts were assessed using a
Spearman’s correlation test.

3.1. Establishment of the lower limit of quantification for the WB-ICS assay

Before conducting experiments to qualify the WB-ICS assay, we established the lower LOQ
for the WB-ICS assay, by performing serial dilutions of stimulated WB with autologous
unstimulated WB samples. Our aim was to determine the lowest frequencies of
mycobacteria-specific IFN-y, TNF-a, IL-2 and IL-17-expressing T cells that could be
detected reliably using this assay. We used the gating strategy as shown in Supplementary
Fig. 1. We calculated the percent deviation between expected and observed values of
cytokine-expressing CD4 T cells. Observed frequencies of IFN-y and IL-2-expressing CD4
T cells appeared to vary marginally (5%—-18% and 4%-21% respectively) from their
respective expected values above 0.04%, shown by the dashed horizontal lines (Fig. 1A and
B). Marginal variation (3%—-25% and 12%-29%) was observed for frequencies of TNF-a
and IL-17 expressing CD4 T cells of 0.01% or above respectively (Fig. 1C and D). Similar
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analyses of antigen-specific CD8 T cells showed that reliable enumeration with similar
marginal variability between observed and expected frequencies was only possible for IFN-
v-expressing cells, above 0.04% (data not shown). TNF-a, IL-17 and IL-2 were not detected
or were expressed at very low frequencies in CD8 T cells, elevating variability in the
measurement (data not shown). These results indicate that accuracy of enumeration of
cytokine-expressing cells is dependent on the levels of expression, and possibly, the
antibody-fluorochrome combination.

Next, we aimed to assess non-specific frequencies of cytokine positive cells (background
levels) detected in this assay. We analysed frequencies of IFN-y-, TNF-a-, IL-2- and IL-17-
expressing CD4 T cells detected in unstimulated, negative control samples from the 54
samples generated in the experiment comparing the WB-ICS with QFT assays. Median
frequencies of CD4 T cells expressing IFN-y, TNF-a, IL-2 and IL-17 in the unstimulated
controls were 0.002 (range 0.0001-0.137), 0.002 (0.0001-0.071), 0.002 (0.0001-0.002) and
0.001 (0.0001-0.038), respectively (Fig. 11). Medians and upper interquartile range (IQR)
values for the four cytokines fell below the established limit of reliable quantification of the
flow cytometer (Fig. 11).

3.2. Intra-assay variability

Next, we analyzed coefficients of variation (CVs), a measure of precision within or between
repeated measurements. CVs below 30% have been previously reported and are considered
acceptable in ICS assays (Weinberg et al., 2000; Nomura et al., 2000). We used the gating
strategy as shown in Supplementary Fig. 1. We calculated CVs from frequencies of BCG-
specific CD4 and CD8 T cells, measured in quadruplet stimulation conditions for each
sample (intra-assay variation). Each experiment was also repeated four times, on different
days. CVs for IFN-y, TNF-a-, IL-2- or IL-17-expressing CD8 and CD4 T cells were
calculated. CVs for the frequencies TNF-a-, IL-2- and IL-17-expressing CD8 T cells were
mainly above 30% (black, blue and green circles) while CVs for IFN-y-expressing cells
were all below 30% (red circles) (Fig. 1E and F). The four cytokine-expressing CD4 T cell
subsets measured showed CVs below 30% (Fig. 1G and H). From these experiments, we
concluded that measurement of BCG-specific IFN-y, TNF-a-, IL-2- or IL-17-expressing
CDA4 T cells and IFN-y-expressing CD8 T cells by WB-ICS assay was reliable. Therefore,
our subsequent analyses focussed on these outcomes.

To measure intra-assay variability, CVs for each experiment and operator were computed
separately. CVs below 15% were consistently observed for BCG-specific CD4 T cells
expressing total IFN-y, TNF- a and IL-2, and for total IFN-y-expressing CD8 T cells (Table
1). CVs for specific CD4 T cells expressing IL-17 were greater than for the other cytokines
due to the lower frequencies of these cells. Nevertheless, all the CVs were below 30%
except for a single day for one operator, when a CV of 45.9% was observed. This was an
unexpected result and further investigations revealed high IL-17 expression in the
experimental control, likely compromising the precision of the ICS. Nevertheless, in
general, these results show that intra-assay variability of the WB-ICS assay is acceptable.
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3.3. Inter- and intra- operator variability

Ideally, a single operator should perform sample processing, acquisition and analyses to
minimise variability in immunological assays. However, this is not always possible. We
investigated inter-operator variability of the thawing, antibody staining and flow cytometry
acquisition steps of the WB-ICS assay. Blood stimulation and processing until
cryopreservation were performed by a single operator. Then, two operators thawed aliquots,
applied identical reagents and antibody staining procedures to samples from 3 healthy
donors and acquired the cells. Identical samples were stained and analysed on four different
days. Data analysis, including gating was done by a single operator. Very little inter-
operator variability was observed in frequencies of IFN-y, TNF-a, IL-2 and IL-17-
expressing CD4 T cells and IFN-y-expressing CD8 T cells across the four experiments (Fig.
2). As expected, variability was greatest when low frequencies of specific T cells were
detected, such as IL-17-expressing CD4 T cells (Fig. 2D). These findings were supported by
analyses of intra-operator CVs, which were consistently below 30% (Table 1 and Fig. 3).

From these experiments, we concluded that the WB-ICS assay is not prone to major operator
variability, provided that operators are suitably trained and adhere to standard operating
procedures.

3.4. Robustness of the WB-ICS assay

Robustness is defined as the ability of an assay to withstand deliberate variation in assay
conditions. We sought to determine effects of variation in duration and temperature of
monoclonal antibody staining on assay outcome. Two operators independently retrieved
multiple aliquots of stimulated and fixed cells derived from 3 adult volunteers and stained
the cells for 45, 60 and 90 min at either room temperature (20-23 °C) or at 4 °C. These
staining conditions did not significantly affect quantitation of frequencies of cytokine-
expressing BCG-specific CD4 or CD8 T cells; all CVs were below 9% (Table 2). These data
were also used to fit in a factorial design model. The data was fitted into the full model and
the analysis revealed that the interactions were not significant (data not shown). From these
analyses, we concluded that WB-ICS was robust to withstand the evaluated changes in the
staining conditions.

3.5. Effects of long-term cryopreservation

An advantage of the WB-ICS assay is that blood is stimulated immediately and fixed
lymphocytes are then cryopreserved, allowing later staining and analysis in sample batches.
Our next experiments assessed effects of long-term cryopreservation on measurement of
mycobacteria-specific IFN-y-expressing CD4 T cells. Whole blood from 11 healthy adults
was stimulated with BCG, PPD, and SEB, or was left unstimulated, then processed and
cryopreserved. Cells were thawed, stained and acquired on a FACSCalibur one week after
cryopreservation and then every 3 months over a 3-year period (Fig. 4A and B). Frequencies
of CD4 T cells expressing IFN-y either in the unstimulated or stimulated samples (minus
unstimulated) were calculated for individual donors across different time intervals after
cryo-preservation (Fig. 4C). Importantly, no increasing or decreasing trends in these
frequencies were observed (Fig. 4C). CVs calculated for each stimulation condition for each
individual donor over time (Fig. 4D) and across different donors at each time point (Fig. 4E)
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were mostly less than 30%. Regression analysis suggested that frequencies of CD4 T cells
expressing IFN-y under all test conditions (Unstimulated, BCG, PPD and SEB) did not
increase or decrease during the cryopreservation period. Overall, our data suggest that the
duration of cryopreservation does not significantly influence the integrity of fixed cells to a
degree that may affect measurement of specific T cells by the WB-ICS assay.

3.6. Comparison of WB-ICS assay with IFN-y ELISpot and QFT assays

Next, we compared frequencies of antigen-specific, IFN-yexpressing CD4 T cells detected
by WB-ICS with levels of antigen-specific IFN-y expression measured by ELISpot assay or
by QFT. Frequencies of Ag85A-specific CD4 T cells expressing IFN-y detected in
MVAB85A-vaccinated infants by WB-ICS assay were highly correlated with frequencies of
IFN-y expressing PBMC, detected by ELISpot assay (Fig. 5A).

Frequencies of ESAT-6/CFP-10-specific CD4 T cells expressing IFN-y detected by WB-ICS
assay in healthy, M.tb-infected or uninfected adults also correlated very strongly with levels
of released IFN-vy detected by QFT, a whole blood assay validated for diagnosis of latent
M.tb infection (Mazurek et al., 2010) (Fig. 5B). Of note, the magnitude of WB-ICS assay-
detected specific T cells correlated well with the QFT-detected responses, even at very low
frequencies. Interestingly, very strong correlations were also observed between frequencies
of TNF-a or IL-2-expressing ESAT-6/CFP-10-specific CD4 T cells, detected by WB-ICS
assay, and levels of soluble IFN-vy detected by QFT (Fig. 5C and D).

These findings from our WB-ICS assay concur with those from the validated QFT, and
further support the utility of the WB-ICS assay for accurate quantitation of antigen-specific
cytokine-expressing T cells.

3.7. Sensitivity and specificity of the WB-ICS assay

Finally we were interested in assessing the sensitivity and specificity of the WB-ICS assay.
In our study setting (Western Cape Province of South Africa), the population is highly
exposed to M.tb and environmental non-tuberculous mycobacteria, and BCG vaccination
coverage is high (Corrigal, 2005). As a result it is very rare to find persons without
mycobacteria-specific T cell responses precluding evaluation of assay specificity. However,
since the antigens ESAT-6 and CFP-10 measure T cell responses induced only by M.tb, and
not BCG or most environmental mycobacteria, assay sensitivity and specificity could be
assessed by comparing data from QFT negative and positive persons as shown in Fig. 5. The
highest sensitivity and specificity pairing were observed for frequencies of IFN-y-, TNF-a-,
and IL-2-expressing CD4 T cells at 0.014%, 0.020% and 0.013%, respectively (Fig. 6A, B
& C), suggesting that these frequencies could be used as assay positivity thresholds. We
then applied these threshold frequencies to classify the QFT status from the 54 participants.
Sensitivity and specificity values for IFN-y-, TNF-a-, and IL-2-expressing CD4 T cells were
90% and 92%; 90% and 88%; and 93% and 92%, respectively. ESAT-6/CFP-10-specific
IL-17-expressing CD4 T cells were more infrequent than Th1 cells, even in QFT-positive
persons. This precluded reliable derivation of a positivity threshold for IL-17-expressing
CD4 T cells and subsequent calculations of sensitivity and specificity.
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4. Discussion

Intact mycobacteria-specific T cell responses are necessary for human immunity against
mycobacteria. However, exactly which functions such T cells should possess to protect
against TB disease, is not known. As a consequence, assessment of vaccine-induced immune
responses can only be used to infer vaccine immunogenicity or vaccine take. Regardless,
regulatory agencies require data generated by qualified and/or validated assays for
assessment of vaccine-induced immune responses to ultimately license candidate vaccines.

We report that the WB-ICS assay is a highly reproducible, reliable and robust method for
quantifying antigen-specific cytokine-expressing CD4 and CD8 T cells. Variability in
measured frequencies of specific T cells by WB-ICS, both within and across experiments
was within accepted limits; CVs remained below 30%, even when performed by multiple
operators and across different days.

The WB-ICS assay was originally optimized a decade ago, and has since been applied to
many clinical studies (Hawkridge et al., 2008; Scriba et al., 2012; Scriba et al., 2011; Scriba
et al., 2010; Day et al., 2013; Abel et al., 2010; Tameris et al., 2013). During the
development and optimization process, many variables that may affect assay performance
were tested, including blood volume, delay in initiation of antigen stimulation following
blood collection and type of polypropylene tube used for stimulation (Hanekom et al.,
2004). Here, we build on these earlier optimization steps by investigating precision,
robustness and effects of long-term cryopreservation to validate the WB-ICS assay readout
for reliable measurement of mycobacteria-specific T cell frequencies. This assay is ideal for
application in clinical field trials, where samples cannot be analysed in real time but rather
in batches at a later time point, after cryopreservation. The sensitivity and accuracy of the
WB-ICS assay are further supported by the strong correlation between M.tb antigen-specific
frequencies of IFN-y, TNF-a and/or IL-2-expressing CD4 T cells and the quantitative value
of IFN-y detected by the validated diagnostic QFT. Good agreement was also observed
when compared with the highly quantitative IFN-y ELISpot assay. Furthermore, sensitivity
and specificity curves generated with ESAT-6/CFP-10-specific T cell data derived from
QFT positive and negative participants showed that the WB-ICS assay could reliably
discriminate M.tb infection from non-infection, even at very low frequencies of
mycobacteria-specific Th1 cells. Importantly, long-term cryopreservation of fixed cells from
stimulated whole blood did not result in significant increases in assay variability. Our results
suggest that the performance characteristics of the WB-ICS assay facilitate reliable
measurement of antigen-specific T cells.

Whole blood-ICS assay experiments to establish sensitivity and specificity can be
challenging in settings with high prevalence of sensitization to the antigen of interest. We
applied frequencies of ESAT-6/CFP-10-specific T cells measured in QFT positive and
negative participants to calculate the sensitivity and specificity of the WB-ICS, and derive
assay positivity thresholds. Further, accuracy determination in WB-ICS assay is impractical
because the true frequency of the outcome being quantified is often unknown. Comparing
the WB-ICS assay with other validated assays such as ELISpot and QFT in quantifying
specific outcomes could be considered as an alternative evaluation of the accuracy. The

J Immunol Methods. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kagina et al.

Page 11

WB-ICS assay allowed highly sensitive (sensitivities of 90% to 93%) detection of cytokine-
expressing ESAT-6/CFP-10-specific CD4 T cells, when compared with QFT assay. WB-
ICS assay outcomes were highly correlated with QFT and ELISpot assay outcomes, even
when including WB-ICS results below the lower LOQ formally suggested by the serial
dilution experiments. An important factor that may have led to the underestimate of WB-
ICS LOQ was the frequency of non-specific cytokine-positive T cells in the unstimulated
sample. Because unstimulated samples were used to perform serial dilutions of stimulated
cells, the lower LOQ for each cytokine was largely determined by the frequencies of
cytokine expressing T cells in the unstimulated cells in this particular donor (0.04% for IFN-
v and IL-2, 0.01% for TNF-a and IL-17 CD4 T cells, and 0.04% for IFN-y CD8 T cells).

To assess how inter-individual variability may have influenced the LOQ, we measured Thl
cell frequencies in unstimulated samples from a larger sample size (n = 54). These mostly
fell below the LOQ), suggesting that the sensitivity of quantification shown in Fig. 1 is likely
underestimated. This possible underestimation of the LOQ is further supported by the
positivity threshold frequencies of IFN-y (0.014%) and IL-2 (0.02%), both below the
cytometer’s LOQ. However, a positivity threshold frequency of TNF-a (0.02%) was greater
than the LOQ.

A major advantage of the WB-ICS assay is that cells can be fixed and cryopreserved after
antigen stimulation is completed, thus eliminating any potentially detrimental effects of
cryopreservation on the function of antigen presenting and effector T cells. Further, because
stimulated cells are fixed before cryopreservation, maintenance of cell integrity during
cryopreservation and thawing procedures is less important. A disadvantage of
cryopreserving fixed cells from stimulated whole blood is that the choice of antigen for
stimulation cannot be changed, limiting flexibility of the assay.

This highly reproducible, reliable and robust WB-ICS assay is ideal for detection and
characterisation of antigen-specific cytokine expressing CD4 and CD8 T cells. This is
essential for determining which attributes of antigen-specific T cell responses may
contribute to vaccine efficacy.

Supplementary Material

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

Variability of the WB-ICS assay for detecting cytokine-expressing CD4 and CD8 T cells.
Establishing the lower limit of quantification of the WB-ICS assay (A-D). Unstimulated
cells were spiked with a series of 2-fold diluted BCG-stimulated cells, then stained and
analysed. Expected frequencies of cytokine positive cells were derived by dividing the
frequencies of BCG-specific cytokine-expressing CD4 and CD8 T cells in the undiluted
samples by the dilution factor. The plots show the expected and observed frequencies of
BCG-specific IFN-y (A), TNF-a (B), IL-2 (C) and IL-17 (D) CD4 T cells for each dilution
factor. Establishing variability in detection of cytokine-expressing CD4 and CD8 T cells (E-
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H). Aliguots of fixed cells from a single BCG-stimulated (and unstimulated) whole blood
sample were thawed and stained independently by two operators on 4 different days. For
each operator on each day, 2-5 aliquots of cells were stained and acquired to calculate the
coefficient of variation (CV) for frequencies of BCG-specific IFN-y-, TNF-a-, IL-2- or
IL-17-expressing CD8 T cells (E, F) and CD4 T cells (G, H) for one operator are shown.
The vertical dashed lines are a 30% CV mark. Frequencies of cytokine-expressing CD8 T
cells with CVs less than 30% (IFN-y) and more than 30% (TNF-a-, IL-2- and 1L-17) (panels
E and F) are shown. For each repeat, frequencies detected in the unstimulated sample were
subtracted from frequencies in the respective BCG-stimulated sample. (1) Frequencies of
non-specific IFN-y-, TNF-a-, IL-2- or IL-17-expressing CD4 T cells, detected in
unstimulated cells, in 54 adults. Horizontal lines within the boxes represent medians, boxes
represent the IQR and whiskers represent the range. The black horizontal lines with stars
represent the established limit of reliable quantification of the flow cytometer. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 2.

Assay reproducibility. Four aliquots of fixed cells from 3 BCG-stimulated whole blood
samples were thawed, stained and acquired by two operators. Analysis of flow cytometry
data to determine frequencies of BCG-specific CD4 T cells expressing IFN-y (A), IL-2 (B),
TNF-a (C) and IL-17 (D), and IFN-vy-expressing CD8 T cells (E) were completed by a
single analyst. Frequencies detected in unstimulated cells were subtracted from the
respective BCG-induced frequencies. Mean and standard deviation of the 3 samples for each
experiment are shown.
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Fig. 3.

Precision and intra-operator variability. CVs of frequencies of BCG-specific IFN-y, IL-2,
TNF-a and IL-17-expressing CD4 T cells or IFN-y-expressing CD8 T cells, measured by 2
operators (grey and black dots). Each operator independently stained and acquired 3 sets of
samples in 4 independent experiments. Frequencies detected in unstimulated cells were
subtracted from respective BCG-induced frequencies for each sample and experiment. Then,
the CVs for each operator and cytokine were computed. Lines on the plots represent means

and SD.
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Ef?‘ects of long-term cryopreservation on measurement of IFN-y-expressing CD4 T cells.
Blood from 11 donors was either left unstimulated or was stimulated and cells from each
stimulated condition were split into 12 aliquots and cryopreserved. A single set of aliquots
was thawed, stained and acquired on a FACSCalibur after one week of cryopreservation,
and then every 3 months, up to 36 months. (A and B) Gating strategy used to measure IFN-
v-expressing CD4 T cells. (A) CD4 T cells were first selected by gating against side scatter
(SSC). Then an exclusion gate comprising forward scatter (FSC) against the empty PerCP
channel was applied to remove autofluorescent, compromised cells. (B) Representative dot
plots of IFN-y expression in CD4 T cells from unstimulated, BCG, PPD and SEB-stimulated
conditions from a single donor after cryopreservation of stimulated whole blood. (C)
Frequencies of IFN-y-expressing CD4 T cells from 11 healthy donors analysed at different
time intervals after cryopreservation. (D) Coefficient of variation of BCG-, PPD- and SEB-
stimulated IFN-y-expressing CD4 T cells, calculated for individual donors across different
time intervals after cryopreservation.
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Fig. 5.

Comparison of frequencies of Thl cytokine-expressing CD4 T cells, measured by WB-ICS,
with IFN-vy release detected by IFN-y ELISpot assay or by QuantiFERON-TB Gold In-Tube
assay (QFT). (A) Ag85A-specific T cell responses measured in 4—-6 month old infants 28
days after intradermal vaccination with the MVVA85A vaccine (Scriba et al., 2011), by WB-
ICS and IFN-y ELISpot assay. (B-D) Correlation analyses between IFN-y- (B), IL-2- (C) or
TNF-a-expressing (D) ESAT-6/CFP-10-specific CD4 T cell frequencies detected by WB-
ICS assay and plasma levels of IFN-y measured by QFT. Assays were run in parallel on
blood collected from 57 healthy adults with or without M.tb infection (QFT-positive or
negative). The vertical line represents the QFT cut-off (0.35 IU/mL of IFN-y) for diagnosis
of M.tb infection. For graphical representation of data on a log scale, the background-
normalized QFT response (TB-Ag minus unstimulated) from 5 donors was artificially
adjusted from 0.0 IU/mL to 0.01 IU/mL. Significance and strength of the associations were
calculated using Spearman’s correlation test.
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Fig. 6.

Sensitivity and specificity analysis of WB-ICS assay in QFT negative and positive adults.
Curves showing paired sensitivity and specificity values at variable WB-ICS assay cut-offs
for frequencies of ESAT-6/CFP-10-specific CD4 T cells expressing IFN-y (A), TNF-a (B),
IL-2 (C), and IL-17 (D). Data are from 54 healthy adults with or without M.tb infection
(QFT-positive or negative). The vertical lines represent paired sensitivity and specificity
with the highest values, indicating the assay positivity threshold.
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