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Abstract

The Interferon-gamma Enzyme-Linked ImmunoSpot (IFN-γ ELISpot) assay has been developed

and used as an end-point assay in clinical trials for infectious diseases and cancer to detect the

magnitude of antigen-specific immune responses. The ability to compare data generated by

different laboratories across organizations is pivotal to understand the relative potency of different

therapeutic and vaccine strategies. We developed an external proficiency program for the IFN-γ

ELISpot assay that evaluates the laboratory performance based on five parameters: timeliness for

data reporting; ability to handle cellular samples; detection of background (non-specific)

responses; accuracy to consensus of the results; and precision of the measurements. Points are

awarded for each criterion, and the sum of the points is used to determine a numeric and adjectival

performance rating. Importantly, the evaluation of the accuracy to the consensus mean for the

detection of antigen-specific responses using laboratory-specific procedures informs each

laboratory and its sponsor on the degree of concordance of its results with those obtained by other
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laboratories. This study will ultimately provide the scientific community with information on how

to organize and implement an external proficiency program to evaluate longitudinally the

performance of the participating laboratories and, therefore, fulfill the requirements of the GCLP

guidelines for laboratories performing end-point IFN-γ ELISpot assay for clinical trials.

1. Introduction

The enzyme-linked Immunospot (ELISpot) assay was described more than 21 years ago for

the detection of antigen-specific immune cells at the single cell level (Czerkinsky et al.,

1984). The utility of the IFN-γ ELISpot assay in detecting antigen-specific T-cells was

initially demonstrated in models of autoimmune and infectious diseases (Link et al., 1991;

Mahanty et al., 1992; Olsson et al., 1990). It has been reported that many components of the

ELISpot assay can contribute to variability of the results obtained by laboratories utilizing

different assay procedures (Cox et al., 2005). A follow-up to this initial study, provided

more details on the possible variables that influences the results obtained with the IFN-γ

ELISpot assay (Janetzki et al., 2007). Further efforts have been devoted to perform formal

validation of the IFN-γ ELISpot assay to be used as end-point assay in vaccine clinical trials

(Russell et al., 2003) and to provide the field with specific information on the aspect for the

validation of this assay (Janetzki and Britten, 2011; Janetzki et al., 2005). Over all these
studies have led to the optimization of the assay through the introduction of specifically

designed antibodies, 96-well plates, substrate kits, and other modifications has broadened

the potential uses for the IFN-γ ELISpot assay. Today, it is being used for a wide range of

applications including the following: monitoring responses in cancer patients undergoing

immunotherapeutic treatment (Leffers et al., 2009; Palmer et al., 2009; Schuetz et al., 2009),

and monitoring specific immune response patterns in patients with infectious (reviewed by

Walker and Slifka (Walker and Slifka, 2010)), neoplastic (Kabingu et al., 2009; Leffers et

al., 2009), or autoimmune diseases (Zanone et al., 2010). Additionally, it has been an

important tool in the identification of immunodominance and escape mutations in HIV-1

infection (Goonetilleke et al., 2009; Streeck et al., 2008) as well as in the development of

specific AIDS vaccine strategies (Goepfert et al., 2005; 2007; Graham et al., 2010; Russell

et al., 2003; Spearman et al., 2009).

Overall, for the past two decades the IFN-γ ELISpot assay has been a highly sensitive, yet

reproducible and simple platform to detect and quantify antigen-specific T-cell responses.

Because of these properties and its applications to monitoring the immune responses using

cryopreserved cells in multi-national clinical trials (Mashishi and Gray, 2002; Russell et al.,

2003), this assay has become the benchmark for analysis of T cell responses according to

Good Clinical Laboratory Practice (GCLP) guidance (Ezzelle et al., 2008).

One of the requirements of the GCLP guidelines is that laboratories performing validated
end-point clinical assays must participate in an external proficiency (EP) program

(Sarzotti-Kelsoe et al., 2009). To support the HIV vaccine trials efforts, the National

Institute of Allergy and Infectious Diseases, Division of AIDS (NIAID DAIDS) contracted

SeraCare Bioservices, Inc. to develop an IFN-γ ELISpot PT program starting in 1998.

During the time SeraCare Bioservices had this contract, eight EP rounds were completed
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with sites receiving summary statistics for each EP, but no grading of performance

evaluation.

In 2011, Duke University was awarded the NIAID DAIDS External Quality Assurance

Program Oversight Laboratory (EQAPOL). One aim of the EQAPOL program was to

continue the IFN-γ ELISpot EP program with the implementation of grading criteria to

assess assay performance when different assay protocols are utilized to evaluate T cell

responses in a common set of samples using the same antigens. Since inception of the

EQAPOL ELISpot program, we have completed five EP rounds and implemented grading

criteria starting in the fourth external proficiency round (EP4). The ELISpot program was

instituted with a primary goal to evaluate the performance of different laboratory-specific

assay protocols and determine their level of concordance in detecting and quantifying T cell

responses. In addition, EQAPOL developed a reference ELISpot assay that can be

performed by the participating laboratory as a common testing platform to identify problems

related to reagents and/or In-house testing procedures. We utilized this assay to troubleshoot

the performance of each laboratory and to provide constructive feedbacks to sites with

suboptimal performance.

In this study, we report our effort to organize an external proficiency program that allow the

participant laboratories to compare their results using the in-house validated assay

procedures and to receive a score that can help to evaluate their performance over time. In

addition, we provided the participating laboratories with a common assay platform that

could be used to resolve differences in the results. We believe that this EP approach can be

utilized by other network and provide useful information to the institutions sponsoring the

end-point laboratory programs.

2. Methods

2.1 Cellular samples

Peripheral Blood Mononuclear Cells (PBMCs) utilized to perform the IFN-γ ELISpot assay

were collected, processed, and stored according to the procedures described elsewhere in

this special issue (Garcia, et al., in this issue). The cellular samples utilized in the SeraCare

BioServices Inc. and EQAPOL ELISpot programs were collected utilizing similar

procedures. All the samples were collected according to protocols approved by the Duke

University Medical Center Institutional Review Board.

2.2 Peptide pools

The peptide pools utilized for this EP program were purchased from JPT Peptide

Technologies (Berlin, Germany). The peptides were >90% purity as defined by the

certificate of analysis and provided in small lyophilized aliquots that were reconstituted with

DMSO and dH20 (1:1) just prior to shipment of the reagents to the participating site

laboratories. The first pool was constituted by the 23 peptides that represent the CMV, EBV,

and Influenza MHC class I restricted epitopes previously described (CEF pool) (Currier et

al., 2002). The second pool represented the sequence of the CMV pp65 protein and was

constituted by 15 amino acid peptides overlapping by 11 amino acids.
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2.3 EQAPOL ELISpot assay

The EQAPOL ELISpot Oversight Laboratory (EOL) performs the ELISpot assay according

to the method described below. Cryopreserved PBMCs were thawed, washed and rested

overnight before use in the IFN-γ ELISpot assay. The recovery and viability after thawing

and after overnight rest were evaluated using the Guava cell counter (Millipore: Billerica,

Massachusetts). The IFN-γ ELISpot assay was performed using Mabtech's pre-coated plates

(Mabtech; Mariemont, Ohio); Mabtech biotinylated anti-IFN-γ 7-B6-1 monoclonal antibody

was used as detecting Ab; Streptavidin-HRP complex (Mabtech; Mariemont, Ohio) and

Nova Red substrate (Vector Laboratories; Burlingame, CA) were used to reveal the presence

of spots. Spots formed by IFN-γ-secreting cells were counted with an automated

ImmunoSpot plate reader (Cellular Technologies; Cleveland Ohio), and results are presented

as spot-forming cells (SFC) per 106 PBMCs. For all samples, the cells were evaluated for

their functionality using the CEF and CMVpp65 peptide pools at the concentration of

1μg/ml per peptide.

2.4 EQAPOL Oversight Laboratory ELISpot kit and assay

For each proficiency panel, we provided the participant laboratories with cryopreserved

PBMCs and peptide pools to be utilized in their standard assays as a kit. Sites were

instructed to use the PBMCs and peptides in their assay according to their own protocol. In

addition, we provided the reagents and the standard operating procedure documents to

perform the reference assay as described in the previous section (Section 2.3). The

EQAPOL kit was provided to the laboratories for troubleshooting purposes only as

discussed in this manuscript.

2.5 Centralized reading of the ELISpot plates

We required each site to send the plates utilized for each EP, post-completion, to the EOL

for centralized reading. These readings were not utilized for the purpose of generating

grading criteria. We implemented this procedure to verify the In-house reading and

determine if there were issues related to the In-house ELISpot reader. The centralized

reading was performed with the automated ImmunoSpot plate reader (Cellular

Technologies, Cleveland Ohio). The maintenance of the instrument and the reading

procedure were performed under oversight of the Quality Assurance Unit according to

established standard operating procedures (see Todd et al. in this issue)

2.6 Shipping of reagents to participating laboratories

For each EP, we provided the sites with nine vials of cryopreserved PBMCs from the three

selected donors randomized as Sample 1,2 or 3 and utilized a liquid nitrogen dryshipper as

reported elsewhere in this issue (Garcia, et al.). The donor samples utilized for each EP

included a non-responder, low responder, and high responder. We also provided three vials

of peptide pools (Control, CMV, and CEF) labeled as Reagent A, B, or C reconstituted in

DMSO using the same shipper. In order for the sites to test the samples using the EQAPOL

reference assay, we provided the sites with reagents described in the ELISpot assay section

that included: two capture-antibody coated plates; one vial of the secondary antibody; one

vial of the streptavidin-HRP; and one Nova Red Substrate kit. These reagents were supplied
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using a wet ice shipment. All reagents were tested by the EOL in bridging studies to

determine their performance and provide the sites with the correct information on the

amount/dilution to be used (data not shown).

2.7 Participating laboratories

Eleven laboratories participated in the EQAPOL ELISpot EP program. Six of these

laboratories were located in the US and one in each of the following countries: United

Kingdom, Germany, Switzerland, Tanzania, and Thailand.

2.8 Analysis of the results

During the first two years of the program, EQAPOL developed a web-based system that

allows the laboratory to automatically upload all the data and information required by the

statistical group to analyze the results and for the laboratories to communicate with the

program manager and the principal investigator (for further description of EQAPOL web-

based application see Todd et al, in this issue). Each site completed an online questionnaire

that collects the information relative to any aspect of laboratory practice and assay

procedures that have been previously reported as relevant source of variation in assay

performance (Cox et al., 2005; Janetzki et al., 2007). The requested information included the

operational status of the laboratory with regard to reagent utilized for the assay, the type of

instruments utilized for the assay and acquisition of the data (i.e., plate washer and ELISpot

reader), and other GCLP related information (see Supplementary Figure 1). The statistical

analysis of the results performed to implement the scoring system is reported by Rountree

and collaborators (Rountree et al., 2014).

2.9 Site Performance Evaluation System

We developed a scoring system to evaluate the performance of each laboratory with input

from the contract sponsor (NIAID/DAIDS), the ELISpot Advisory Committee and the

EQAPOL Scientific Advisory Board. The scoring system is based on five grading criteria

identified by the EQAPOL ELISpot team: 1) timeliness for data reporting; 2) PBMC sample

handling; 3) background; 4) accuracy to the consensus; 5) precision. These criteria are

summarized in Table 1. We requested each participating laboratory to perform the assay

according to their established protocols (in-house assay) and with the provided ELISpot kit

(EQAPOL assay) using 200,00 PBMC per wells. The instructions required to test each

sample in 9 replicate wells using a common plate layout. Only the results of the in-house

assay and not the EQAPOL assay were used for final grading purposes. The descriptions of

each criterion and data for each evaluation were included in each report provided to the

participating laboratories. Criteria were weighted to allow for a maximum of 100 points to

be earned in a given EP. We utilized the scores to establish ranges that can define the

performance as excellent, good, fair, and poor (Table 2). All EQAPOL programs have

currently adopted these standard ranges. The goal of establishing these grading criteria and

performance rating are to aid sponsors in identifying areas of strength and weakness in site

proficiency with respect to ELISpot assays.
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2.10 Timeliness grading criteria

Sites were given four weeks from kit receipt to complete the assay and return the data

reporting Excel file and post-assay questionnaire. Failure to upload valid data and survey

responses by the due date resulted in a site's loss of all proficiency points for timeliness (10

points).

2.11 PBMC handling grading criteria

Sites were instructed to thaw and count PBMCs according to their own in-house methods.

Viability and recovery were reported at the time of thaw (Day 0) and after an overnight rest

(D1). PBMC samples were pre-screened prior to the send-out to ensure that were within the

acceptability criteria for viability and recovery. For assessment, we adopted the criteria from

the Immunology Quality Assessment (IQA) program of acceptable PBMC viability and

recovery after overnight resting (Weinberg et al., 2010), unless the mean for all sites was

outside of these boundaries. In this regard, we considered that viability after overnight rest

should be greater than 80%, and any donor viability less than 80% resulted in a 1.5 point

deduction. In addition, the recovery after overnight rest should be between 70 to 120%, and

any donor recovery outside of the boundary resulted in a 1.5 point deduction.

2.12 Background grading criteria

Although we recognize that each assay can be validated to accept a certain degree of

background, defined as presence of spots in absence of any cellular stimulation, we

implemented an overall evaluation of the background observed by the sites and reported to

the program. For proficiency grading, we established that the average background (PBMC in

the presence of culture medium + DMSO only) SFC per 2×105 PBMC for the 9 wells per

donor had to be less than 10. Only site reported In-house assay data were assessed for

grading. For the purposes of grading assessment, background data are rounded up so the

result is an integer (e.g., 8.2 is rounded up to 9).

2.13 Accuracy to the consensus average grading criteria

Accuracy is commonly defined as the closeness of an estimate to either a true (known) value

or an accepted reference standard. However, for assays that evaluate individual antigen-

specific cellular responses such as the ELISpot assay, there is not a true value. Therefore, we

used the consensus average as the accepted reference. As a consequence, accuracy to the

consensus average was assessed for each donor by stimulation (CEF and CMV) based on a

comparison of the site's average of the nine wells to the consensus average for all sites

reporting data. All antigen-specific data were background-subtracted; the average

background for that donor was subtracted from all CEF and CMV SFC values. Accuracy to

consensus average was assessed using a mixed effects model based on a Poisson distribution

(SAS 9.2 Proc GLIMMIX) using the consensus average of all participating sites with

acceptable data (e.g., exclude if all data is missing or near zero for a condition that should

have a response, an indication of potential technical errors). This model estimates the mean

(the population average using data from all sites) as the intercept, which is a fixed effect,

and each site as a random effect that deviates from the intercept. Thus each site is compared

to the consensus average of all sites.

Sanchez et al. Page 6

J Immunol Methods. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



A False Discovery Rate correction for the significance level was used to determine which

sites are significantly different from the consensus average. When a site is significantly

different for a donor/stimulation condition, a nine point deduction is made (max of 54 point

reduction). For proficiency grading, only In-house data was utilized. A further description of

accuracy to consensus measures is reported by Rountree et al. in this issue.

2.14 Precision grading criteria

Precision describes the amount of variability between repeated measures under unchanged

conditions (i.e. the same operator, same instrument, etc.). These are the type of data

collected in the EQAPOL ELISpot Program. Thus, precision was based on an acceptable

level of variability (dispersion = variance/mean) within each site's 9 wells for each of the 6

donor by stimulation conditions. For proficiency grading, a dispersion upper limit was

calculated using background-subtracted data. First, the 90th percentile for all 6 donor by

stimulation conditions was calculated and used as a cutoff for extreme values. Using these

remaining 90% of the data the mean and standard deviation was calculated and a 95% CI

was calculated and the upper bound is the dispersion limit. Once again, we did not use data

for which the presence of noticeable errors was observed, such as high background in

unstimulated condition or clear plating errors for samples/reagents. Three points were

deducted for each donor/stimulation outside of range. For proficiency grading, only In-house

data were utilized.

2.15 SeraCare Proficiency Panel

Between 1998 and 2008, an external EP was implemented by SeraCare. The cellular

samples were collected using procedures similar to those described for the EQAPOL

ELISpot program. Storage and distribution of the reagents was also performed using

procedure similar to those described for the EQAPOL ELISpot program. The EPs were

performed by sending four cellular samples to represent negative, low, medium, and high

responses to the CEF and CMVpp65 antigens previously described. The responses to each

stimulation condition were tested in nine replicates.

We analyzed the data obtained by the last two EPs using the In-house assay by each

laboratory to verify the performance overtime of four laboratories that have also enrolled in

the EQAPOL ELISpot program.

2.16 Results Remediation Process

The secondary goal of our program was to provide the sites with feedback that could help

them in improving their performance. In this context, the EQAPOL ELISpot team contacted

the sites that received a rating of Fair or Poor to review performance and identify ways to

improve proficiency.

3. Results

3.1 Selection of the cellular samples

Fifteen donor samples were initially selected among over 100 donor samples collected

between June 2008 and June 2010 by the Duke PBMC repository program funded by
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NIAID. These donors represented different levels of antigen-specific responses as

determined by the initial testing performed within four weeks from sample collections (data

not shown). At the time the EQAPOL ELISpot program started, the 15 samples were tested

to re-evaluate their viability and function. We refer to the first testing as “original” and the

current testing as “EQAPOL”. The total recovery (Figure 1) and the percentage of recovery

and viability (Figure 2) for each sample after thawing and overnight recovery were

compared to those observed initially within the first four weeks from sample collection. The

analysis of total and percentage of recovery revealed that total and percentage of recovery

did not decline with time from collection. The percentage of recovery was above the 70%

that is usually considered as gold standard by the IQA program (Weinberg et al., 2010).

Overtime, the average percentage of viable cells declined from 93.7% to 90.1%. Though this

is a significant decline (p=0.0004 using a Wilcoxon Sign Ranked Test), it had a modest

impact because the % viability was always more than 16% above the 66% required for

samples to qualify for testing in most of the IFN-γ ELISpot procedures (Gill et al., 2010;

Goepfert et al., 2005; Russell et al., 2003).

Based on the latest EQAPOL testing, we identified three samples with a functional profile

that include absent, low (10-199 SFC/2×105cells), medium (200-400 SFC/2×105cells), and

high (>400 SFC/2×105cells) reactivity in response to CEF or CMV stimulation. The three

samples are PPD65 (non-responder), PPD32 (low) and PPD79 (medium CEF, high CMV)

(Figure 3). PPD32 and PPD79 were used for EPs 1-5. PPD65 was used in EP1, but then

changed to PPD90 for EPs 2-5 due to sample availability.

3.2 Grading the performance of the participating laboratories

We utilized the first 3 EPs to evaluate validity of the procedures utilized to deliver reagents,

to receive the data, to perform the analysis, and to determine the variability of the results

among the sites. Of note, the analysis of the variability of the results was utilized to finalize

the assessment criteria of assay variability and precision.

The grading of the participating laboratories started with the EP4 at the time this manuscript

was finalized, the laboratories received two reports indicating their performance for the

fourth and fifth EP. The summary of the grading for each parameter in both EPs testing is

reported in Table 3.

The EOL received the samples in the same blinded manner as the other sites, and its score is

reported as laboratory 103 (L103).

3.3 Evaluation of Timeliness

We determined that among the parameters used to evaluate the sites, timeliness would

reflect the requirements that most of the sites that work under GCLP guidelines have to

fulfill when it is time to report data to sponsors and principal investigators after testing

samples collected for clinical trials. Therefore, we proposed that on time completion of

proficiency panel assays, data upload and survey completion would be essential to the

success of any program and to being a proficient lab working in a multi-center consortium.

We asked that all sites complete an EP panel and provide valid data via our online
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application by a specified due date, which was set four weeks after kit receipt. Excel

templates/survey results that were uploaded into our system were automatically imported

into our database. Data was automatically validated by the system to be sure it was in the

correct format. The results reported in Table 3 demonstrate that laboratories performed in an

excellent way (all score 10) for EP4, but three failed to report in time for EP5. This is the

biggest difference in score between the two EPs.

3.4 Evaluation of PBMC handling

It has been pointed out in previous studies investigating laboratory performance in testing

cryopreserved cells for the presence of antigen-specific responses (Bull et al., 2007; Cox et

al., 2005) that proper handling of cryopreserved PBMCs at the time of assay performance is

critical to ELISpot assay success. Therefore, we consider monitoring this parameter an

important step in the assay and pivotal in understanding the performance of each site. Each

site received three vials of PMBCs per donor and was instructed to thaw two vials per donor

and pool them for both the In-house and EQAPOL reference assay. The third vial was

reserved in case of an error.Based on the post-assay questionnaire, all sites rested their cells

overnight prior to stimulation. The sites reported viability and recovery on the day of thaw

(Day 0), as well as on the day after the thaw following the overnight rest of the cells (Day

1). For grading, sites were assessed as a pass or fail for each donor sample for both viability

and recovery using Day 1 data. As reported in Table 3, we noticed that three sites (001, 007,

and 010) performed better in EP4 than in EP5. Conversely, three sites (009, 014, and 015)

improved their performance in EP5 compared to EP4. Overall, no significant difference was

observed in the average PBMC handling score between EP4 and EP5.

In the post-assay questionnaire, sites were asked to report the method used for assessing

viability and recovery. For EP4 and EP5, Guava counters were used by five of the 11 sites

(45.5%) with the remaining sites using alternative methods (e.g., ViCell, Trypan Blue/

hemacytometer, Sysmex XP100, CellDyn). We did not find any evidence for scoring

differences based on the method used for cell quantification. 3.5 Evaluation of Background
Activity. As reported in Table 3, two sites (003 and 013) had consistent problems with assay

background in both EPs. One site (015) reported high background for one donor in EP5,

which was not present in EP4. Nevertheless, the average background score across the two

EPs was consistent.

3.6 Evaluation of Accuracy to the consensus average

The analysis of the accuracy to the consensus average of the results revealed that seven sites

scored at least 75% of the points (40.5 points) for this category and could be considered at

least “Good” for their accuracy to the consensus in EP4. Of the four sites that performed

sub-optimally in EP4 (003, 007, 013, and 014), two (003 and 007) improved their

performance to an “Excellent” in EP5. This suggests that internal review of the data (Site

003) and remediation with the EQAPOL team (Site 007) were successful in identifying and

addressing the problems revealed by the analysis of accuracy to the consensus. Overall,

there was an improvement from EP4 to EP5, and only one site that had already received a

low score in EP4 performed even less proficiently.
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3.7 Evaluation of Precision

The analysis of the results to evaluate the precision revealed that eight laboratories were able

to achieve a score that was greater than 75% of the maximum points for this category (13.5

points) in both EP4 and EP5 (Table 3). Two laboratories (007 and 010) improved their

performance in EP5, whereas two laboratories (014 and 015) performed with a precision

lower than 75% of the maximum score. Overall, precision was found to be a problematic

aspect for a third of the laboratories participating in this program.

3.8 Overall Evaluation of the Sites

Of the original eleven participating sites, one was never included (016) because the results

were never considered valid due to irreproducible technical problems (not shown). The site

has also been working on the In-house assay to re-validate its platform and did not

participate in the EP4 and EP5. Seven out of the ten participating sites (excluding the EOL,

Site 103) scored greater than 74%, and their performance was “Good” (4) or “Excellent” (3).

Site 007 improved from 28% (“Poor”) to 85.5% (“Good”), and Site 003 also improved from

76% (“Good”) to 91% (“Excellent”). The overall average of the scores was 77.9 and 80.5

for EP4 and EP5, respectively.

3.9 Evaluation of the Results obtained using the EQAPOL reference assay

The performance scores for the EQAPOL program utilize the results that sites obtain using

their own in-house assay. For the program, however, sites are also required to run an

EQAPOL reference assay, as well as return all assay plates for centralized reading at the

EOL. The results from the EQAPOL reference assay read by the site (IH-EQA), EQAPOL

assay read by the EOL (EOL-EQA) and In-house assay read by the EOL (EOL-IH) are

analyzed for accuracy to the consensus and precision using the same scoring procedure as

the In-house assay. The scores are not reported to the sites, but rather are utilized to pinpoint

potential problems with the In-house assay, technical performance of an ELISpot assay or

the reader. The scores for these three assays/readings are presented in Table 4 for EP5 only.

With EP5, sites 003, 007, and 014 showed discrepant results with the In-house assay and

EQAPOL reference assay for accuracy to the consensus; the results indicate that with sites

014 and 007 their score in EP5 is likely attributed to a problem with the In-house assay. It is

unclear why Site 003 performed poorly with the EQAPOL assay. The problem noted with

Site 014's In-house assay was also evident in the difference in precision scores (Table 4).

3.10 Effect of the remediation process

The results of EP4 indicated that three of the 10 participating sites encountered problems

with their in-house assays. The EQAPOL ELISpot team organized conference calls with

each site to discuss the results and discuss the possible causes and solutions for each

problem. For site 007, it was determined that samples were plated incorrectly and this

caused a problem with accuracy to the consensus. In addition, the magnitude of the

responses was lower compare to that detected by the other site. This was found related to a

bad batch of culture medium. Upon identification of the problems and solution to prevent

them from occurring in the future EPs, site 007 score improved from 28 to 85.5.
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For Site 013, we observed a high background of unknown cause. As follow-up of the

conference call, EQAPOL provided the site with a new set of PBMC samples, culture

media, fetal bovine serum (FBS), and antibiotics to test different combinations of the in-

house and centralized components of the culture medium and reduce the level of background

activity. The beta-testing of the reagents revealed that a problem could have been related to

a batch of FBS during the performance of EP4. However, the same problems were observed

during the performance of EP5, and the site's score decreased from 37 to 19.

Lastly, for site 014, we observed a lower recovery of viable cells and decreased level of

responses to the antigens. The first problem could be related to components of the culture

medium utilized by the laboratory. However, we observed that the performance of the

laboratory using the EQAPOL assay was within the range of the other laboratories (not

shown). This suggests that the laboratory may have problem with the In-house assay. The

score for this laboratory decreased from 56.2 in EP4 to 52 in EP5. However, based on the

differences in the accuracy and precision for the EQAPOL assay compared to the In-house

assay (Table 4), the site’ s problem appears to lie with the In-house assay only.

These analyses pointed out the importance to perform remediation of the results and how

this may lead to correctly troubleshooting the problems of the testing site. Nevertheless, it is

possible further actions may be required for some of the sites to include a remediation site

visit by the EQAPOL team.

3.11 Longitudinal Analysis of Mean SFC and Dispersion of EP1-5

Linear mixed effects models were used to test for linear trends over time in EQAPOL

ELISpot EPs 1 through 5. As previously mentioned, two donors (PPD32 and PPD79) were

included in all reported EPs, although they were blinded so that the sites did not know.

These models were run in SAS 9.2 with Proc GLIMMIX with the assumption of Poisson

distributed data. We did not use data from laboratories reporting plating error or high

background. For this reason, the data were not background subtracted for these analyses.

The testing was performed using the results from testing of donors with antigen-specific

responses (PPD32 and PPD79 with CMV and CEF). We tested for trends of the average of

SFC (the outcome) for each laboratory using a model that had laboratory-specific random

effects for the intercept and EP number. Significant EP number effects would indicate an

increase or decrease in the laboratory's average SFC over time. Only the results from one

site indicated a significant (p < 0.001) decreasing reactivity over time for PPD32 CEF and

CMV as well as PPD79 CEF responses and are shown as example in Figure 4.

To test for trends in the dispersion (variability), we used the same criteria listed above for

data inclusion, background subtraction, and data set. We tested for trends in dispersion the

outcome for each laboratory using a model that had laboratory specific random effects for

the intercept and EP number. Significant EP number effects would indicate an increase or

decrease in the laboratory's dispersion over time. Site 003 had a significant decrease over

time for PPD79 CEF because of a very high dispersion in EP1. If EP1 is removed, there is

no significant effect for Site 003. Otherwise, there were no significant effects for the

laboratory specific dispersion. However, the same site with decreasing mean SFC was
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identified for having an increase in dispersion at EP3 and EP5 for PPD79 CEF and CMV.

However, this increase was not significant because it was not linear (Figure 5).

3.12 Longitudinal Performance of Laboratories for Accuracy to the Consensus and
Precision

We utilized the data collected in context of the SeraCare BioServices EP7 and 8 and

EQAPOL EP4 and EP5 to evaluate the applicability of the scoring system for accuracy to

the consensus average and precision to the previous PT program and to assess the

longitudinal performance of four laboratories in each program. The four laboratories

performed their assays under GCLP guidelines and all served as reference laboratory for

different vaccine evaluation programs. As reported in Table 5, the individual score for the

four laboratories was always greater than 84 during the SeraCare EP7 and EP8 and greater

than 79 during the EQAPOL EP4 and EP5. The average score of the four laboratories was

consistently greater than 91 and graded as excellent. These results indicated that GCLP

compliant laboratories performed consistently well across programs and over time.

4. Discussion

In the past, the field has devoted time and efforts in assessing the concordance of the results

obtained using different Interferon-γ ELISpot assay protocols(Cox et al., 2005) and in

harmonizing the results among different laboratories (Gill et al., 2010; Janetzki et al., 2007;

Janetzki and Britten, 2011). Once the assay procedures have become more consistent, there

has been the need to perform longitudinal evaluation of the results obtained by the

individual laboratories by implementing an external proficiency program. Thus, the main

goal of the EQAPOL program was to develop an external proficiency program with set

criteria to grade the most critical aspects of ELISpot assay performance. The evaluation of

laboratory performance is essential if data generated from testing of clinical samples by

different laboratories is to be compared to determine the relative potency of candidate

therapeutics or vaccines tested by different organizations. We designed and completed three

external proficiency (EP1-3) testing rounds to generate data used to develop grading criteria

for proficiency. We graded the sites on the following criteria: timeliness of data submission,

PBMC handling, background, accuracy to the consensus and precision. Points were awarded

for each criterion, and the sum of the points was used to determine a performance rating

(e.g., Excellent to Poor). The choice of the criteria for grading the performance of the

laboratory was based on the consideration that the ultimate goal of each laboratory is to

perform in compliance to GCLP guidelines while testing clinical samples. In this

perspective, the criteria were selected to appropriately evaluate the ability of a laboratory to

work under predefined deadlines for assay execution and data reporting (timeliness), for

PBMC handling, and assay performance (background, accuracy, and precision). Therefore,

this assessment was implemented for the subsequent two EPs (EP4 and EP5), and will

continue on a biannual basis going forward.

Through the development of grading criteria we were able to assess performance of each

laboratory in key components that reveal strength and weaknesses in the laboratory's

procedures. These grading criteria can be used: 1) by the field to determine the level of
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reproducibility among assays and therefore the ability to provide comparable results; 2) by

the laboratory to improve performance; 2) by the sponsor to understand the performance of

the endpoint laboratory compared to others in the same field.

An aspect of assay proficiency that is not formally including in our grading criteria is a site's

inter-assay performance. However, because we have included two of the sample donor

samples in all EPs, we have been able to conduct the analysis present in Section 3.11 to

examine if a site has any trends with respect to accuracy and precision across multiple EPs.

While the initial analysis shows most sites have excellent inter-assay reproducibility, more

data will need to be generated before we could consider adding this as a formal grading

criterion. Because each EP is scored individually, adding this as a criterion would mandate a

change in our system such that multiple EPs would contribute to a cumulative score. In

addition, site-specific reports include analysis comparing the in-house and EQAPOL assays,

and sites are provided with comments if there are discrepancies between the two assays.

These analyses have been used for site remediation purposes as reported in the Results

section.

One of the main initial efforts of the EQAPOL ELISpot program was to define “Gold

Standards” for the ELISpot assay. These “Gold Standards” could be implemented to

evaluate the performance of different laboratories. The definition of a “Gold Standard” is

not merely a statistical issue, but also a scientific one where once the science is decided on

the biological relevance of the observations, then, the statistics will produce a range of likely

values and those outside that range are deemed suspect. The definition of these ranges is

complicated by the wide variability in the magnitude of the cellular responses that can be

generated by the human immune system against each antigen. To address this problem, the

EQAPOL decided to use mixed effects models for each donor by stimulation, to compare

the site average to the consensus average, and to adjust the significance level based on the

number of sites in the program. The approach was used to define the grading criteria for the

performance of each laboratory based on the accuracy, and precision of the results. These

parameters were applied to evaluate the performance of four laboratories that used validated

assays and worked under Good Laboratory Clinical Program (GCLP) guidelines. The

retrospective and prospective results obtained from the SeraCare program (EP7 and EP8)

and for the EQAPOL program (EP4 and EP5), respectively, were analyzed according the

established criteria. The results indicated that our grading criteria are applicable to define the

performance of each laboratory based on the concordance of the results generated in the

testing of samples collected during clinical studies.

In addition, we considered that a secondary valuable aspect of our mandate could reside in

our ability to provide each site with the opportunity to discuss their results on follow-up

calls and to compare the performance of their assay to that of an external standardized assay

platform. Therefore, we implemented the remediation process and developed an assay that

can be performed by the participating laboratory as a common testing platform and utilized

to identify problems related to reagents and/or in-house testing procedures. We utilized this

assay to troubleshoot the performance of each laboratory and to provide constructive

feedback to sites with suboptimal performance. As reported in the results section, the

parallel evaluation of the results obtained using the in-house and EQAPOL assay lead us to
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correctly identify areas of improvement for two laboratories and enhance their performance

upon the implement of the remediation process.

Overall, the EQAPOL program has been able to finalize grading criteria and detailed data

reporting systems that can provide valuable feedback to the participating sites and their

sponsors to determine how comparable their results might be. Moreover, we also provide the

opportunity for each site to identify possible weaknesses in their performance and the way to

resolve them.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Total Cell Recovery
The absolute number of cells in 106 is reported as observed at the time of initial testing

(original, orange circle) and at the time of sample screening for the EQAPOL program

(EQAPOL, blue square). Each dot represents a sample. The lines represent the geometric

mean and the 95% Confidence Interval.
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Figure 2. Percentage of Cell Recovery and Viability
The percentage of cell recovery (left and triangles) and viability (right and diamonds) is

shown for the samples as observed at time of sample collection (original and orange) and at

time of sample screening for the EQAPOL (EQAPOL and blue). Each dot represents a

sample. The lines represent the geometric means and 95% Confidence Interval.
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Figure 3. EQAPOL Functional Sample Screening Test
The Spot Forming Cells per 2×105 cells are reported. The circles identify the samples

selected for the EQAPOL program.

Sanchez et al. Page 19

J Immunol Methods. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Longitudinal Mean Spots Forming Cell (SFC)
The lines represent the average SFC per 2×105 reported over time by one of the sites for

each EP. The SFC for sample PPD32 in response to CEF and CMV stimulation are reported

in brown and green, respectively. The SFC for sample PPD79 in response to CEF

stimulation are reported in red. The significant decreasing trends over time (EPs 1-5), all

from Site 014, were calculated using mixed effects models.

Sanchez et al. Page 20

J Immunol Methods. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. Longitudinal Dispersion
The lines represent the dispersion observed over time for one site for each EP. The

dispersion for the PPD79 response to CEF and CMV stimulation are reported in brown and

green, respectively. The fluctuation of dispersion over time (EPs 1-5), all from the same site,

calculated using mixed effects models. This is not a linear trend and thus not significant.
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Table 2

EQAPOL Performance Ranges

Overall Performance Score Performance

91-100 Excellent

75-90 Good

66-74 Fair

0-65 Poor
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