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Abstract
Emerging evidence indicates memory donor-reactive T cells are detrimental to transplant outcome
and that quantifying the frequency of IFNγ-producing, donor-reactive PBMCs by ELISPOT has
potential utility as an immune monitoring tool. Nonetheless, differences in assay performance
among laboratories limit the ability to compare results. In an effort to standardize assays, we
prepared a panel of common cellular reagent standards, developed and cross validated a standard
operating procedure (SOP) for alloreactive IFNγ ELISPOT assays in several research laboratories
supported by the NIH funded, Clinical Trials in Organ Transplantation (CTOT) Consortium. We
demonstrate that strict adherence to the SOP and centralized data analysis results in high
reproducibility with a coefficient of variance (CV) of ~30%. This standardization of IFNγ
ELISPOT assay will facilitate interpretation of data from multicenter transplantation research
studies and provide the foundation for developing clinical laboratory testing strategies to guide
therapeutic decision-making in transplant patients.
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Introduction
While acute morbidity and 1 year graft survival for all transplanted organs have improved
significantly since the 1980s, long term outcomes following solid organ transplantation
remain suboptimal (1–5). The causes of late graft failure are multiple and complex, driven
by genetic predisposition as well as immunologic and non-immunologic mechanisms.
Current transplantation research efforts are testing whether individualized treatment
strategies, rather than universal immunosuppressant protocols, can improve long term graft
survival. Personalized medicine necessitates defining specific mechanisms of ongoing injury
in each patient, and identifying surrogate markers for the injury capable of reliably
segregating transplant recipients into low and high risk subsets (6).

Alloreactive T cells are central mediators of allograft rejection (7, 8). Multiple studies have
shown that T cell alloimmunity derives from both the naïve and memory T cell pools (9–
12). Compared to their naïve counterparts, effector and memory T cells have lower
activation thresholds, can more rapidly engage effector functions and are resistant to many
immunosuppressants (13–17). Consistent with these features, increasing evidence indicates
that higher frequencies of alloreactive memory T cells correlate with worse transplant
outcomes, independent of other risk factors (18, 19). These observations suggest that
laboratory assays capable of reliably quantifying alloreactive and/or donor reactive memory
T cells could become useful biomarkers to guide clinical decision-making in transplant
recipients.

By taking advantage of the fact that effector and memory T cells, but not naïve T cells,
produce effector cytokines (including IFNγ) following short term in vitro stimulation,
several groups have tested cytokine ELISPOT assays (20–22) and flow cytometry-based
cytokine capture assays as a sensitive method to quantify the frequency of alloreactive IFNγ-
producing T cells in transplant patients. Reports in which memory cells were quantified in
cohorts of kidney transplant recipients have indeed found strong associations between the
frequencies of IFNγ-producing cells as detected by ELISPOT and the risk of experiencing a
subsequent acute rejection and or a significant decrement in post-transplant renal function
over time (19, 23–25).

Despite the apparent sensitivity and utility of these assays, SOPs have not been established
and reproducibility of results among laboratories has not been well characterized. This
information is essential to compare results obtained from various studies and develop these
assays into clinically useful tests.

The NIH-funded CTOT consortium is a collaborative group of transplant centers in North
America performing multicenter transplant research studies to identify biomarkers, test
novel treatment strategies and evaluate associated mechanisms of injury in solid organ
transplant recipients. Among the objectives of the consortium are to test and cross validate
laboratory assays as potential tools to predict transplant outcomes. Toward this goal, we
produced a panel of allogeneic B cell lines as reagent standards for common use, developed
SOPs for cytokine ELISPOT assays and identified key variables that limit reproducibility of
results among laboratories, defined the assay variance among trained laboratories and
compared the ELISPOT results to those obtained with a flow cytometry cytokine capture
method. The results will facilitate standardizing cytokine ELISPOT assays for use in clinical
trials and will set the stage for developing reliable measurements of alloreactive memory T
cells for use in day-to-day patient management.
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Materials and Methods
Study Design

This is an interactive series of experiments with an initial “pilot” phase involving
experienced laboratories where the ELISPOT assay protocol was standardized and the
variables contributing to observed differences were carefully studied. This was followed by
a “validation” phase where the ELISPOT SOP was shared with an additional site for the
purpose of cross-validation experiments.

Cellular Samples and Standards
Cellular standards for both stimulator and responder cells were developed at a central site
and distributed to the remaining sites under similar shipping conditions. Responder cells
consisted of 30 unique sets of PBMCs isolated from buffy coats of anonymous individual
blood bank donor samples (NY Blood Bank, NY) in addition to 8 transplant recipients from
the Clinical Trials of Organ Transplantation CTOT01 observational study that were frozen
and later shipped to individual sites. Stimulator cells consisted of 21 unique B cell lines
isolated and expanded from individual blood bank samples using CD40L transfected
fibroblasts and interleukin-4. B cell lines were not EBV transformed and were all tested to
document expression of Class I and II HLA and CD80 by flow cytometry, and the ability to
stimulate allogeneic T cells. CTOT01 transplant donor B cells were processed and isolated
from blood (living donor) or spleen (deceased donor) and expanded in the same manner as
above. A subset of the lines were HLA-typed (PCR-RSSO DNA typing, Immunogenetics
Lab UCLA, supplemental Table 1). All clinical samples were collected with informed
consent and ethics approval by local institutional review boards.

ELISPOT Assay
In the pilot phase, ELISPOT assays were performed as previously described (7, 22). Large
quantities from the same reagent lot were purchased to avoid lot-to-lot variability and
aliquots were distributed to participating centers. All participating laboratories performed
manual cell counting using trypan blue dye exclusion of dead cells. An automated cell
counter device (GUAVA, Millipore, MA) was used in a series of sub-experiments.

A SOP was developed and refined (Supplemental Appendix 1) following the initial runs and
prior to deployment across the final participating centers. The validation phase focused on
troubleshooting operator inconsistencies with the final SOP, and fine-tuning ELISPOT plate
image acquisition and analysis software (ImmunoSpot ®) settings at the various sites. This
was followed by digital upload of final assay plate images to a central online repository to
be re-analyzed and quality checked by a single investigator to eliminate inter-operator
variability. The developed physical plates from all participating centers were later mailed to
a central site to be re-imaged and re-analyzed by a single investigator to eliminate inter-
ELISPOT reader hardware/software variability. Quality check of automated counting was
performed at the central site where individual wells were scaled down to 80–90% upon
counting to exclude artifacts and normalized back to full coverage of the well. Sensitivity
settings were adjusted to ensure correct spot counting.

Statistical Analysis
Statistical parameters of mean, standard deviation, and CV of IFNγ spot counts from
triplicate wells for each responder/stimulator pair were calculated using either site reported
counts or centralized counts. Scatterplots were generated to compare results from different
sites and correlations of coefficients (r) were calculated with GraphPad Prism. CVs of
responder/stimulator pairs with a minimum average of 25 spots across sites were depicted on
a bar graph. The Mann-Whitney test was used to compare sensitivity of different antibody
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clones. To calculate concordance of results, results were converted to a binary format
looking for complete agreement between all sites for results either above or below the
specified threshold. This binary result was then tallied and represented as a percentage.

Results
Establishing SOPs for alloreactive IFNγ ELISPOT

We performed a pilot study comparing results from laboratories with several years of
experience performing IFNγ ELISPOT assays, in which each site used common cellular
reagents but employed their own established protocol (Fig 1). While the laboratories studied
IFNγ production by the same responder/stimulator pairs, the quality of the assays (Fig 1A)
and the quantitative results (Fig 1B) differed markedly.

When we compared assay protocols we identified numerous variables that could contribute
to the observed differences. We made efforts to standardize each of these variables (Table
1). We compared 2 distinct sets of capture/detection anti-IFNγ antibody pairs obtained from
different commercial sources (each specified for use in ELISPOT assays) using the same
responder/stimulator pairs and observed that the 2 antibody sets yielded significantly
different results (Fig 2A). Among several additional factors tested in side by side
comparisons, we found that including DNAse during cell thawing improved cell yield,
reduced cell clumping, and removed accompanying artifacts in the assay wells (Fig 2B). We
noted that removing the plastic gasket on the back of the assay plate at the end of the
procedure improved spot resolution (Fig 2C). Based on these results, among many others,
we prepared a detailed SOP (Supplemental Appendix 1) to cover all aspects of the assay
including: sources and concentrations of antibodies and developing reagents, buffers,
washes, standardized procedures for cell thawing and plating, and standardized timing for
each step of the assay. In contrast to differences in assay quality observed originally (Fig
1A), assays performed with strict adherence to the SOP were qualitatively similar between
laboratories (Fig 2D).

Assay variance among sites is reduced by central analysis
In an effort to quantify assay variance among test sites, we enlisted an additional laboratory.
Each group performed ELISPOT assays using common responders and stimulators, strictly
adhering to the SOP. Each site performed >6 individual assays in which the frequency of
IFNγ-producing cells was assessed with 103 different responder/stimulator pair
combinations. The assays included one syngeneic pair to serve as a negative control. Initial
quantification was performed locally. The quantitative results of these assays (Fig 3A)
revealed that for all sites, syngeneic responder/stimulator pairs produced essentially no IFNγ
and those pairs that produced high frequencies of IFNγ ELISPOTs as detected by one site
were detected as strong responder/stimulator pairs by all sites. Nonetheless, correlation
coefficients between any 2 sites were relatively low (Fig 3B) and assay CVs were >85%
(Fig 3C), well above the 30–50% previously reported from repeat assays performed at a
single site (21).

We hypothesized that a portion of the observed residual variability (despite following the
SOP) derived in part from differences in ELISPOT image analyzers and analysis software
algorithms. To test the impact of each of these variables we a) reanalyzed digital files that
were obtained at each site using a single analysis protocol at a central site, and b) we
obtained the original ELISPOT plates from each site and performed a central analysis of the
primary data using a single automated ELISPOT reader and common software.

We observed that centralized data analysis improved the correlation coefficient (r) from
0.701, when data were analyzed locally, to 0.851 and 0.840 when the analysis was
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performed centrally on either digital files or physical plates, respectively (Fig 4A). Notably,
correlation coefficients were highest between the 2 sites with the most laboratory experience
with the assay. Similarly, the CV improved from 60.5% (local analysis) to 30.3%
(centralized analysis, Fig 4B). Correlation coefficients and CVs were similar regardless of
whether the centralized analysis was performed on digital files acquired locally, or
acquisition and analysis of primary data was performed at a centralized location.

Strong Concordance of strong vs. weak responders
While reproducible quantification of the IFNγ-producing alloreactive T cells is the goal of
standardizing ELISPOT assays, the available data from several sources suggest that
pretransplant anti-donor alloresponses above a given threshold, approximately 25 IFNγ-
producing cells per 300,000 PBMCs, may be most informative in identifying patients at an
elevated risk for poor posttransplant outcomes (20, 26). A frequency distribution analysis of
the results of each site (Fig 5) shows similar patterns (particularly between experienced sites
1 and 2) with ~80–85% of responder/stimulator pairs yielding responses ≥ 25. Using this
threshold of 25 spots, we observed 72% total concordance among sites (74 of 102 response
pairs). Using a higher threshold of ≥125 IFNγ producers per 300,000 responders (defining
the highest 20% of responders, Fig 5), we observed a 78% concordance rate (80 of 102
response pairs).

Automated Cell Counting does not improve variance
We hypothesized that variability in user interpretation of live vs. dead cells during cell
counting and initial plating, as determined by trypan blue exclusion, could contribute to
assay variance. To address this issue we compared results of ELISPOT assays performed by
3 different individuals at one site using common cellular reagents, in which one set of assays
was done with cells counted “manually” (trypan blue) and a second set was done using
automated cell counting as determined by a common machine. Interestingly, the CVs were
not significantly different and in fact we observed a trend toward a lower CV with manual
counting (Table 2).

Donor reactive ELISPOTs in transplant recipients are similarly concordant
To test whether the observed consistency applied to clinical samples, we used cells obtained
from transplant recipients and donors from the multicenter CTOT01 study
(www.ctotstudies.org) and performed validation tests between two laboratory sites. Both
sites were able to obtain interpretable results using stored (frozen) aliquots of patient
responder PBMCs. Responses to donor stimulators were low at both sites while a few of the
responder cells produced IFNγ to 3rd party (unmatched) donor stimulators (Fig 6A).
Centralized analysis of the results revealed a correlation coefficient of 0.75 (Fig 6B) and a
concordance rate of 73% between sites.

Flow cytometer cytokine secretion assays (FCCS) differ from ELISPOT assays
Finally, we compared results of IFNγ ELISPOT to IFNγ FCCS assays using the same donor
recipient pairs (Supplemental Figure 1). We observed significant differences in assay results,
likely related to differences in assay methodology, although the strongest responders were
reproducibly identified by both assays in the majority of patients.

Discussion
In this work, we provide a detailed SOP for performing alloreactive IFNγ ELISPOT assays
for use in transplantation clinical trials (Supplemental Appendix 1). We demonstrate that
using common cellular reagents, strict adherence to the SOP, and centralized data analysis,
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we can obtain reproducible results with a CV of ~30%. While several other studies have
compared ELISPOT assay variability in the context of vaccine/infection trials (27, 28), ours
is the first to detail the key parameters required for standardization, and is the only study to
address harmonization of assays for alloreactive T cells.

We identified a number of key technical aspects that contribute to inter-assay variability.
These include simple steps such as using wide orifice tips for cell plating (presumably
gentler on the responding T cells), removing the plastic gasket to permit complete drying,
and defining time windows for each assay step, all of which contribute to improving
reproducibility. The importance of testing and validating specific sets of antibodies for
cytokine detection cannot be overstated. Individual coating and secondary anti-IFNγ
antibody clones have intrinsic differences in sensitivity (e.g. binding constants) and or
epitope specificities. Because antibodies sold commercially for ELISPOT assays are
produced as research tools, and are not specifically produced under good manufacturing
practice guidelines for clinical use, individual aliquots of antibodies of the same clone can
perform differently in ELISPOT assays. As a consequence, we strongly recommend all
ELISPOT assays be performed using the same antibody pairs. Moreover, each new antibody
lot should be tested and titrated against the previous lot in controlled experiments to
minimize differences in assay variability over time.

The findings reported herein indicate that centralized data analysis is another important
factor that improves consistency of assay performance (Fig 4A). While automated image
analysis using commercially available ELISPOT “readers” is less labor intensive than
manually counting spots under a microscope, the quality of the results depends on the
software parameters used to define a “spot.” These parameters including size, density, spot
separation/contrast, among others, can be influenced by a number of variables such as the
quality of the digital files, lighting used to obtain the images, and artifacts associated with
cell clumping at edges of the wells. Differences in analysis algorithms used by individual
software programs also contribute to inconsistent detection even if each parameter is
standardized among different programs. In the context of multicenter trials, our data indicate
that the impact of these variables can be minimized through centralized analysis (Fig 4B).
Further standardization will ultimately be required to meet CLIA standards to reliably use
ELISPOT assay in the clinical setting.

Our study also highlights the utility of preparing common reagent standards (B cells and
PBMCs from healthy volunteers) to use as controls. The development and sharing of these
cellular standards allows for continued monitoring of alloreactive ELISPOT assay
performance, and we suggest they be used as quality controls for all clinical trials. Having
common reagents permitted us to assess the variability of IFNγ-secreting alloreactive cells
using 2 different assays (ELISPOT and FCCS). While both can provide clinically
informative results, our data suggest that results from the two assays are not easily
comparable, making it difficult to interpret different clinical studies that do not employ the
same testing strategies.

It is important to note that assays performed with stored cells obtained from transplant
recipients are similarly reproducible to those obtained with cells from healthy donors. We
detected weak responses in assays performed with posttransplant PBMC stimulated with
their donors (all samples derived from stable transplant recipients without rejection). Despite
the challenge of limited available donor and recipient cells in available in clinical trials, we
and others have demonstrated that recipient PBMC and donor B cell stimulators can be
isolated (and for B cells, expanded) from living and deceased donors for use in these assays
(29).
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In conclusion, despite the multistep complexity of cytokine ELISPOT assays used to detect
IFNγ-producing alloreactive T cells, strict adherence to a detailed SOP with common
cellular reagents and centralized data analysis can minimize assay variability among
experienced laboratories to CVs of ~30%. The ability to reproducibly detect alloreactive
memory T cells through a standardized IFNγ ELISPOT approach demonstrated the
feasibility for further development of this assay as a risk assessment tool to guide the
management of transplant recipients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Alloreactive IFNγ ELISPOT assays performed without SOP. A. Representative replicate
wells of IFNγ ELISPOT assays performed using aliquots of the same PBMC responders and
B cell stimulators at 2 different sites according to site specific laboratory protocols. B.
Quantified ELISPOT results of 4 different responder stimulator pairs as performed at 2
different laboratories.
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Figure 2.
Alloreactive IFNγ ELISPOT assay quality determined by multiple technical factors. A. 2
sets of IFNγ ELISPOT assays were compared using 2 different responder stimulator pairs at
each of the 2 sites. Results represent means + SD of quadruplicate wells. *p<0.05. B.
Representative assay wells of one responder stimulator pair without DNAse added during
cell thawing showing typical artifacts (top) or with the addition of DNAse (bottom) C.
Captured images of wells from the same plate allowed to dry without removal of the plastic
gasket with the wells still slightly wet (top) and after removal of plastic gasket when the
wells are fully dry (bottom). D. Representative replicate assay wells performed at 2 sites
using the same responder stimulator pairs following the newly devised SOP.
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Figure 3.
Site reported results show significant variability. A. Site reported frequencies of IFNγ
producing cells for each of 103 responder stimulatory pairs using common reagents, SOP at
3 different sites (each dot is the mean of triplicate wells performed at a single site). Dash is
the mean value of the 3 sets of data from the 3 sites. All sites detected essentially no
response for a syngeneic responder stimulator pair (top graph, first data point). B. 2 way
comparisons of results among sites with correlation coefficients shown in the lower right of
each graph. C. Coefficients of variance for each responder stimulator pair using site reported
data.
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Figure 4.
Centralized data analysis reduces assay variance. A. Representative comparisons and
correlation coefficients of site reported results (left, same data as shown in lower left of Fig
3C), results of analysis of digital files captured by the site from assays performed at the site
but analyzed by a single core lab (middle) and results of central analysis of plates obtained
from each lab (right). B. Coefficients of variance for each responder/stimulator pair as
determined by each methods (only those with a response of ≥ 25 spots were included in this
analysis).
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Figure 5.
SOPs result in concordance of strong alloresponses among sites. Frequency distribution of
assays performed at each of the 3 sites but analyzed centrally of the physical plates.
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Figure 6.
Assays using stored clinical samples show similarly low variance. A. Representative assay
wells of transplant recipient responder cells stimulated with matched donor (top) or 3rd party
donor (bottom). B. 2-way comparison of results from sites with correlation coefficient.
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Table 1

Variables Addressed Within ELISPOT SOP

Cell Thawing
Timing of frozen cell pellet transfer into thawing media

Inclusion of DNAse in thaw media

Cell Plating
Cell concentrations per well

Size of pipette tip orifice

Assay Procedures

Incubation times.

Specified number of washes and buffers

Requirement of full drying of plate prior to analysis

Reagents

Antibody: Commercial source, clone and lot numbers

Source of developing reagent

Source/recipes of buffers and wash solutions
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