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Abstract 
Antigen-specific T cells can serve as a response biomarker in non-clinical or clinical immunotherapy studies in autoimmune disease. There are 
protocols with optimized multimer staining methods to detect peptide (p)MHCII+ CD4+ T cells, and some qualified and validated protocols 
for pMHCI+ CD8+ T cells. However, no protocol is fully or partially qualified to enumerate and characterize antigen-specific pMHCII+ CD4+ 
T cells from patient samples. Implementing such an assay requires a desired level of specificity and precision, in terms of assay repeatability 
and reproducibility. In transgenic type II collagen (CII)-immunized HLA-DR1/DR4 humanized mouse models of collagen-induced arthritis (CIA), 
CII259-273-specific T cells dominantly expand. Therefore antigen-specific T cells recognizing this epitope presented by rheumatoid arthritis (RA)-
associated risk HLA-DR allomorphs are of interest to understand disease progression and responses to immunotherapy in RA patients. Using 
HLA-DRB1∗04:01 or ∗01:01-collagen type II (CII)259–273 tetramers, we evaluated parameters influencing precision and reproducibility of an opti-
mized flow cytometry–based method for antigen-specific CD4+ T cells and eight specific subpopulations with and without tetramer positivity. 
We evaluated specificity, precision, and reproducibility for research environments and non-regulated laboratories. The assay has excellent overall 
precision with %CV<25% for intra-assay repeatability, inter-analyst precision, and inter-assay reproducibility. The precision of the assay cor-
related negatively with the cell viability after thawing, indicating that post-thaw viability is a critical parameter for reproducibility. This assay is 
suitable for longitudinal analysis of treatment response and disease activity outcome in RA patients, and adaptable for translational or immuno-
therapy clinical trial settings.
Keywords: CD4+ T cells, tetramer, immunomonitoring, precision, reproducibility, antigen, rheumatoid arthritis, flow cytometry
Abbreviations: APCs, antigen presenting cells; ASIT, antigen-specific immunotherapy; CII, type II collagen; CIA, collagen-induced arthritis; CTL, cytotoxic T 
cells; FMO, fluorescence minus one; mAb, monoclonal antibody; MHCII, class II major histocompatibility complex; NC, negative control; p, peptide; PBMC, 
peripheral blood mononuclear cells; PC, positive control; Tcm, central memory T cells TCR, T cell receptor; tet, tetramer; Tem, effector memory T cells

Introduction
Despite the differences in the underlying pathological mech-
anisms, autoimmune diseases are characterized by the 
ability of autoreactive T or B cells to damage self-tissues [1]. 
Antigen-specific CD4+ T helper cells recognize peptide-major 
histocompatibility complex (pMHC) II molecules of antigen-
presenting cells (APCs) [2]. They activate and sustain auto-
immunity by cross-talk with APCs to activate antigen-specific 
CD8+ cytotoxic T cells (CTL) and B cells producing autoanti-
bodies [3]. Longitudinal enumeration and phenotypic analysis 

of antigen-specific CD4+ T cells can elucidate their contri-
bution to disease pathology and evaluate their response to 
therapeutic intervention, for example, novel antigen-specific 
immune tolerizing therapies (ASIT) that target antigen-
specific CD4+ T cells for the treatment of autoimmune dis-
eases. ASIT show promise in preclinical models [4–7], but 
there is a need for better biomarker assays reflecting antigen-
specific immune function in clinical trials [8–10].

Immune response biomarkers that demonstrate the 
immunoregulatory effects of ASIT during early-phase clinical 
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trials are a major challenge in the development of novel 
tolerizing immunotherapies. Such assays could also be used 
to understand potential immunoregulatory effects of existing 
disease modifying therapies [11, 12]. Clear and reproducible 
biomarker outcomes from preclinical animal studies or small 
dose-ranging mechanistic clinical trials can guide the outcome 
assessment and the drug development process. Given their 
central role from the beginning of the autoimmune patho-
genesis, antigen-specific CD4+ T cells are an ideal candidate 
for monitoring the outcome of tolerizing immunotherapies. 
Soluble pMHCII tetramers are an important flow cytometry–
based tool to enumerate and phenotype antigen-specific T 
cells from peripheral blood (PB) or tissues [13–17]. However, 
analysis of pMHCII+ CD4+ T cells with flow cytometry is 
challenging for many reasons, including sensitivity and spe-
cificity [18–22]. pMHCII+ CD4+ T cells circulate in low 
frequency, and autoreactive T-cell receptors (TCR) typically 
have lower avidity in PB T cells, when compared with T-cell 
clones or CD8+ viral-specific T cells [18].

While previous studies have optimized methods for 
pMHCII tetramer staining techniques [13, 14, 16] and quali-
fied or validated pMHCI multimer methods [17, 23, 24], no 
studies have qualified pMHCII multimer methods to date 
with systematic precision and reproducibility outcomes for 
clinical use. Qualification of methods for specificity, accuracy, 
precision, and reproducibility is important in the drug devel-
opment process to improve reliability and confidence where 
data are used to support assessment of the mechanism of ac-
tion of an emerging therapy. Most qualification studies use 
samples from mice, healthy donor, or T cell lines to measure 
optimal detection. While these may achieve qualification cri-
teria, it may then be very difficult to achieve the same in clin-
ical PB samples. Challenges include low cell counts, high flow 
cytometric background, and compromised quality of thawed 
cryopreserved peripheral blood mononuclear cell (PBMC) 
samples [17, 23, 24].

Most clinical trials cryopreserve patient PBMC samples 
longitudinally to enable analysis at a later stage. Collagen 
type II (CII) is exclusively expressed in articular cartilage. 
Immunization of mice, rats, and monkeys with bovine, chick, 
or human CII leads to the development of collagen-induced 
arthritis (CIA). CII-autoreactive CD4+ T cells and B cells 
have been demonstrated in mice and humans. The dominant 
T-cell epitope (CII259-273) overlaps in H-2q and DR4 or DR1 
transgenic mice immunized with bovine or human CII [25, 
26], and in CII-immunized HLA-DR1 humanized mouse 
models of CIA, CII259-273-specific T cells dominantly expand 
[27]. Therefore antigen-specific T cells recognizing this epi-
tope presented by the rheumatoid arthritis (RA)-associated 
risk HLA-DR allomorphs, HLA-DRB1∗04:01 and ∗01:01 
[28–30], are of interest to understand disease progression and 
responses to immunotherapy in RA patients. Furthermore, 
previous studies suggest that self-antigen-specific T cells in 
RA blood are present at a frequency of 1–100/106 CD4+ T 
cells and enriched in memory cells relative to healthy control 
blood [31, 32]. Building on our previously published protocol 
for HLA-DRB1∗04:01 or ∗01:01-collagen type II (CII)259–273 
tetramers (20), with improvements to the flow panel and 
gating strategy, we evaluated parameters influencing preci-
sion and reproducibility of this method as a fit-for-purpose 
assay to enumerate antigen-specific and total CD4+ T cells as 
well as eight subpopulations, using a panel of 11 cell surface 
markers for analysis of thawed cryopreserved PBMC samples 

from RA patients. For this purpose, we also identified a HLA-
DRB1∗01:01-CII259–273-specific TCR and transduced this into 
a T cell line for use as a standard positive control. We assessed 
qualification parameters of specificity, repeatability and re-
producibility for research environments and non-regulated 
laboratories as per recent guidelines for flow cytometry as-
says [33]. This assay provides the basis for development of 
similar flow cytometric assays with additional pMHCII tetra-
mers and phenotypic markers.

Materials and methods
Samples
Previously frozen (10% dimethyl sulfoxide and 90% fetal 
bovine serum) PBMC collected from HLA-DRB1∗04:01 or 
HLA-DRB1∗01:01 RA patients visiting the outpatient clinic 
of the Princess Alexandra Hospital in Brisbane, Australia 
were used for this study. The study was approved by the 
Metro South and UQ Human Research Ethics Committee, 
and informed consent was obtained from all the patients. 
Buffy coat samples were obtained from the Red Cross Blood 
Transfusion Service in Brisbane within 48 h of the blood draw 
from healthy human volunteers. PBMC were separated from 
buffy coats and frozen in liquid nitrogen.

 pMHCII tetramers
Streptavidin-conjugated phycoerythrin (PE Streptavidin, BD 
Pharmingen)-labeled HLA-DRB1∗04:01 or HLA-DRB1∗01:01 
CII259–273 (GIAGFKGEQGPKGEP) tetramers were generated 
by co-transfection of HEK 293 cells with the extracellular do-
mains of HLA-DRA and either HLA-DRB1∗04:01-CII259–273 
or HLA- DRB1∗01:01 CII259–273 cloned into the pHLsec vector 
[34]. The constructs encoded the CII259–273 peptide coupled to 
the N-terminus of the HLA-DR β-chain via flexible Glycine-
Serine linker. The HLA-DRA and DRB constructs encoded 
C-terminal enterokinase cleavable fos/jun zippers to pro-
mote dimerization. The β-chain also contained a BirA site 
for biotinylation and tetramer generation and a Histidine tag 
for IMAC purification. After biotinylation of pHLA-DR sam-
ples, the percentage biotinylation was determined by native 
gel electrophoresis and complexation with avidin. Tetramers 
were generated within one week of staining by the addition 
of streptavidin-PE in a 1:8 ratio with biotinylated monomer 
as previously described [14, 31]

Monoclonal antibodies
Depending on HLA type, PBMC were stained for dump 
(CD19/14/16/11c)/CD3/CD4/PD-1/CD45RO/CCR7/CD25/
CD127/DRB1∗04:01 or DRB1∗01:01-CII259-273/Live-Dead. 
Monoclonal antibodies (mAb) used in the assays were 
selected after titration for optimal concentration and incuba-
tion time, and multiple runs were repeated for consistent re-
sults in different RA samples. The final selected antibodies for 
the base panel were—CD19 FITC (0.5 µl; Biolegend; HIB19), 
CD14 FITC (0.5 µl; Biolegend; HC14), CD16 FITC (0.5 µl; 
Biolegend; 3.9), CD11c FITC (0.5 µl; Biolegend; 3G8), CD3 
BUV737 (1 µl; BD Biosciences; UCHT1), CD4 BUV395 (1 
µl; BD Biosciences; SK3). For Panel-1—CD25 BV650 (5 
µl; Biolegend; BC96), CD127 BV421 (2.5 µl; Biolegend; 
A019D5), CCR7 (CD197) BV510 (5 µl; BD Biosciences; 2-L1-
A), PD-1 (CD279) BB700 (5 µl; BD Biosciences; EH12.1), 
CD45RO APC-H7 (2.5 µl; BD Biosciences; UCHL1).
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Tetramer staining procedure
Frozen vials of PBMC were rapidly thawed and washed 
with RPMI 1640 Complete Medium (Gibco) supplemented 
with 5% Human AB serum (Sigma-Aldrich), 1× Penicillin/
Streptomycin/Glutamate (Invitrogen) and 1  mM sodium 
pyruvate (Gibco) in presence of DNase I (Sigma-Aldrich) 
at 12.5 and 6.25 µg/ml using a two-step thawing procedure 
as previously described [14]. Cells were counted using the 
Vi-Cell XR Cell Viability Analyzer (Beckman Coulter). The 
viable cell concentration and the percent viability were re-
corded. The cells were then suspended in FACS buffer (0.1% 
BSA, 2 mM EDTA in 0.01M PBS pH7.4) at 15 × 106 cells/
ml. Non-specific binding sites were blocked using 2 µl FcR 
Blocking Reagent (Miltenyi Biotech) up to 10  ×  106 cells. 
Without washing, 3 × 106 (200 µl) cells were aliquoted for 
each stain in labeled 5 ml FACS tubes as required for fluor-
escence minus one (FMO) and tetramer staining samples. 
PE-labeled DRB1∗01:01 or ∗04:01 tetramers were added at a 
final concentration of 6.2 µg/ml, except for the FMO where 
no DRB1∗01:01 or ∗04:01 tetramers were added. Cells were 
mixed and incubated at 4°C for 1 h in the dark with inter-
mittent mixing at 30 min. Cells were washed by adding 3 ml 
1× PBS (0.01M pH7.4) and centrifugation at 4°C, 450 g for 
5 min. The supernatant was discarded, and cells were resus-
pended in 100 µl residual volume. A BD Horizon™ Fixable 
Viability Stain 700 (FVS700) (BD Biosciences) was recon-
stituted according to the manufacturer’s instruction, diluted 
1:1000 in saline, and 10 µl added to ~100 µl of cells to a final 
dilution of 1:10,000. Cells were gently mixed, incubated in 
the fridge for 20 min in the dark, then washed with FACS 
buffer, centrifuged as before, and resuspended in 100 µl re-
sidual volume. For surface marker staining, a master mix of 
mAb (listed above) was prepared depending upon the number 
of tubes, added as 24 µl/tube, giving a final volume of anti-
body mix of 124 µl/tube. The cells were incubated in the anti-
body mix at 4°C for 20 min in the dark. After incubation, 
cells were washed with FACS buffer and resuspended in 200 
µl FACS buffer. A minimum of 1 × 106 events were acquired in 
the lymphocyte gate. All tubes including controls were stored 
on ice until ready for acquisition.

Single stain controls and FMOs
Due to limitations of cell numbers from patient samples, 
FMOs for gating controls and single stain (SS) controls for 
flow cytometer setup were prepared from buffy coat samples. 
For SS controls, briefly, a frozen buffy coat PBMC aliquot 
was thawed, washed, and resuspended at 5 × 106/ml in FACS 
buffer. One hundred microliters of cell aliquots were divided 
into 11 pre-labeled tubes (0.5 × 106/100 µl/tube), one for each 
fluorescently labeled antibody from the panel listed in 2.3 
including CD4-PE, Live/Dead FVS700, and a no-stain con-
trol. Respective antibodies were added as indicated except in 
no-stain and the Live/Dead FVS700 tube, performed in PBS 
as described before. Cells were mixed and refrigerated in the 
dark for 20 min. After incubation, cells were washed and re-
suspended in 200 µl of FACS buffer. A minimum of 20,000 
total events were acquired for each control.

The FMOs for CD25, CD127, CCR7, PD-1, CD45RO, and 
Live/Dead FVS700 for the gating control were included in the 
staining set as described below. The buffy coat PBMC were 
divided among six pre-labeled FACS tubes (0.5  ×  106/100 
µl/tube) to be used as FMO-A to FMO-F for CD25-BV650, 

CD127-BV421, CCR7 -BV510, PD1-BB700, CD45RO-
APC-H7 mAb, and Live/Dead FVS700 dye. For all FMOs, base 
panel mAb were added and then all four mAb except the one 
for which the FMO was used e.g. in FMO-A of CD25-BV650, 
all mAb except CD25-BV650 were added as indicated. All 
five mAb were added in FMO-F, but not the Live/Dead FVS-
700 dye. Cells were incubated at 4°C for 20 min in the dark 
then washed with PBS and resuspended in 100 µl. Live/Dead 
FVS700 dye was then added to all FMOs, except the FMO-F, 
incubated and washed as before. Cells were resuspended in 
200 µl FACS buffer. A minimum of 100,000 events were ac-
quired in the lymphocyte gate.

Acquisition of samples by flow cytometry and flow 
data analysis
All stained samples and controls were acquired on a BD LSR 
FortessaX20 (Becton Dickinson) and analyzed using Kaluza 
Software Version 2. The acquisition limits and voltages were 
set using unstained cells and kept constant for all samples. 
Compensation was performed for all the fluorochromes, 
single cells gated and dead cells excluded for analysis. The 
cells were gated as shown in Fig. 1.

Evaluation procedure
A formal evaluation plan was prepared with a detailed 
standard operating procedure and work flow (Fig. 2). Frozen 
samples from two RA patients R1 (HLA-DRB1∗04:01) and 
R2 (HLA-DRB1∗01:01) were selected. These samples had 
multiple cryopreserved PBMC aliquots each that were pre-
pared and stored on the same day. On day 1, one analyst 
thawed the required vials of both the samples (R1 and R2) 
and set up Assay 1. The second analyst followed the same 
procedure to set up Assay 2 (Fig. 2). The procedure was re-
peated on day 2 for Assay 3 and Assay 4 from R1 and R2. 
Based on the results obtained from the initial four assays, 
additional assays were conducted by two analysts using 
PBMC from the buffy coat sample (Assay 5 and 6 on day 3) 
for the surface markers without tetramer. This was followed 
by two more assays by two analysts (Assay 7 and 8 on day 
4) with RA sample R3 (HLA-DRB1∗04:01). A specificity test 
was included on each day, along with the precision assays, by 
one of the analysts. At the end of the evaluation process, we 
assayed two additional samples with viability >85% to con-
firm reproducibility of replicate samples.

System suitability and assay acceptance criteria
Only those assays that satisfied the system suitability criteria 
along with acceptance criteria were considered acceptable. To 
pass the system suitability criteria, the flow cytometer instru-
ment calibration test must have demonstrated that the flow 
cytometer is functioning appropriately. Initially, we included 
cells with viability ≥75% as a system suitability criterion. 
However, we subsequently accepted samples with lower via-
bility. This allowed us to calculate the threshold of required 
viability and its impact on the precision outcome. The assay 
acceptance criteria included the presence of tetramer-positive 
cells in the positive control sample, which was achieved in all 
assays. The evaluation exercise was intended to understand 
the precision of the assay to assess rare CII-specific tetramer 
positive (tet+) T-cell populations. Therefore, we did not set 
any acceptance or rejection criteria based on the coefficient 
of variations (%CV) calculated from replicates. All assays 
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Fig. 1 Gating strategy for tetramer analysis. (A) Live cells were gated using forward scatter (FSC) and side scatter (SSC) followed by singlets and 
lymphocytes. Live CD3+ cells were gated using Lineage/LIVE/DEAD marker negative and CD3+ cells. CD4+ T cells were gated from CD3+ T cells. Tet+ 
T cells were gated from CD4+ T cells as double positives. (B) Tetramer-negative FMO sample used to determine gating for Tet+ cells. (C) Representative 
sample with Tet+ staining (patient R3). (D) Based on surface markers used, subpopulation within CD4+ and Tet+ CD4+ cells were gated. The figure is 
representative of the evaluation assays.

Fig. 2 Assay qualification plan. Four assays were performed using the frozen PBMC of two RA patients R1 (HLA-DRB1∗04:01) and R2 (HLA-
DRB1∗01:01), one assay from one sample each by two analysts on two different days. Each analyst independently thawed frozen vials of each RA 
sample on day 1 and day 2 and performed assays and flow cytometry analysis separately. Mean, SD, and %CV were calculated for different precision 
measurements. (A) Intra-assay precision of each assay was measured as %CV1-4 from individual assay replicates. (B) Intra-assay repeatability was 
measured as mean %CV (%CVm) of all four assays of each sample. (C) Intra-day Inter-analyst precision was measured as %CV from the mean value of 
assays performed by two analysts using the same sample on the same day. (D) Inter-assay precision was calculated from all replicates of all four assays 
performed from the same sample on both the days.
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performed during evaluation passed system suitability and 
assay acceptance criteria except viability.

Staining for specificity test
The specificity of HLA-DRB1∗04:01 or ∗01:01 tetramers was 
tested using PBMC (3 × 106) spiked with in-house generated 
HLA-DRB1∗01:01-CII259-273-specific SKW3 cell line (1 × 105) 
(method of clone generation is described below) when stained 
with HLA-DRB1∗01:01-CII259-273 tetramer, which served as 
a positive control (PC). The negative control (NC) sample 
was prepared similarly by spiking HLA-DRB1∗01:01-CII259-

273-specific SKW3 cells and staining with HLA-DRB1∗04:01 
CII259-273 tetramer. On day 3, the specificity was assessed by 
staining HLA-DRB1∗04:01+ PBMC with HLA-DRB1∗01:01 
CII259-273 tetramer (NC). All specificity samples with or without 
SKW3 cells were subjected to the same procedure of tetramer 
staining. NC/PC were set up as a part of the precision assay 
by one of the two analysts on each day of the assay. The per-
centage of non-specific binding in NC samples was calculated 
by considering PC as 100% specific binding, using formula 
(% tet+ cells in NC x 100) / % tet+ cells in PC.

Generation of HLA-DRB1∗01:01-CII259-273-specific TCR 
transductants
To identify HLA-DRB1∗01:01-restricted CII-specific TCRs, 
HLA-DR1 transgenic mice were primed s.c. with bovine type 
II collagen emulsified in Complete Freund’s adjuvant. It should 
be noted that mouse TCRs autoreactive with pHLA-II tend to 
bind with higher affinity than human TCRs autoreactive with 
pHLA-II. Splenocytes and draining inguinal lymph node cells 
were harvested 12 days post-prime, pooled and cultured for 
7 days with CII259-273 peptide (30 µg/ml). Cultured cells were 
stained with a PE-conjugated HLA-DRB1∗01:01-CII259-273 
tetramer (6.2 µg/ml) and sorted as single tet+ or tet- CD4+ T 
cells. After multiplex-nested PCR [35] and Sanger sequencing 
we identified preferential usage of TRAV19 and TRBV31 
gene families by CII259-273-specific CD4+ T cells, which arose 
from vigorous clonal expansion (Supplementary Fig. 1A).

To generate HLA-DRB1∗01:01-CII259-273 TCR 
transductants, we stably transduced the TCRαβ-deficient 
SKW-3 cell line with a HLA-DRB1∗01:01-CII259-273-restricted 
TCR expressing TRBV31 identified at a frequency of 24% 
after in vitro re-stimulation, using lentiviral transduction. 
Briefly, full-length TCRα and TCRβ cDNA (Supplementary 
Table 1) was cloned into a pELNs third-generation lenti-
virus expression vector [36]. HEK293T packaging cells 
were co-transfected with the pELN-αβTCR lentivirus con-
struct and packaging plasmids pMDLg/pRRE, pRSV-Rev 
and pMD2-G using FuGENE6 (Promega) (Supplementary 
Fig. 1B). HEK293T cell culture supernatant containing 
virus particles carrying the TCR transgene was then used to 
stably transduce SKW-3 cells in the presence of polybrene. 
TCR transductants were bulk sorted using a MoFlo Astrios 
(Beckman Coulter) cell sorter as live hCD3+/mTCRβ+ cells 
(Supplementary Fig. 1C) and expanded in culture. Within 2 
weeks of culture, the enriched transduced cells were stained 
with HLA-DRB1∗01:01-CII259-273 tetramer, in the absence or 
presence of 50  nM Dasatinib (Selleck Chemicals) at 37°C 
(added 30 min prior) to prevent rapid TCR internalization 
triggered by cognate antigen signaling of the cell line [14, 37] 
(Supplementary Fig. 1C).

To confirm the specificity of the SKW-3 TCR for HLA-
DRB1∗01:01-CII259-273, TCR transductants were 1. stained 
with HLA-DRB1∗04:01-CII259-273 tetramer, and 2. cultured 
for 18  h with gamma irradiated healthy human HLA-
DRB1∗01:01 PBMCs as APCs and varying concentra-
tions of CII259-273 peptide, irrelevant human Aggrecan89-103 
(ATEGRVRVNSAYQDK) peptide or PMA (10  ng/ml)/
Ionomycin (1 µg/ml) as a positive control. The response to 
stimulation was measured by change in MFI of CD69 on the 
SKW-3 TCR transduced cells, a marker of early T cell acti-
vation following TCR engagement. To test the sensitivity of 
the tetramer in PBMC, 105 CII-TCR-transduced SKW-3 cells 
were spiked into 3 × 106 healthy control buffy coat or RA 
patient PBMC, then stained with relevant HLA-DRB1∗01:01-
CII259-273 or irrelevant HLA-DRB1∗04:01-CII259-273 tetramer 
(Supplementary Fig. 1D). Cells were acquired on a Gallios 
flow cytometer (Beckman Coulter) and data analyzed using 
Kaluza software V2 (Supplementary Fig. 1E).

Calculations and statistical analysis
From each test sample, surface marker positivity was reported 
as the percentage gated of CD4+ T cells or CD4+tet+ popu-
lation. Mean, standard deviation (SD), and precision in terms 
of the coefficient of variation (% CV), where CV is (standard 
deviation/mean) × 100, were calculated. The intra-assay pre-
cision (%CV) was calculated from the assay replicates. Intra-
assay repeatability (mean %CV) was calculated as the mean 
of %CVs of individual assays. The intra-day inter-analyst pre-
cision was calculated from the assays performed by two ana-
lysts on the same day from the same sample. The inter-assay 
precision was calculated by pooling all replicates of all the as-
says performed from the same sample during the qualification 
process. The schematic of the qualification plan and precision 
calculations is presented in Fig. 2.

All data obtained during evaluation, including failed as-
says and outliers, identified by the ROUT test (Q = 5%), are 
included in the precision estimates. Identification of outliers 
and correlation analysis were performed using GraphPad 
Prism 8 software. The correlation analysis used the Pearson 
Correlation test and calculated the Pearson coefficient ‘r’ 
value and significance by a two-tailed P test with a signifi-
cance threshold of P ≤ 0.05.

The method described here can be categorized as quasi-
quantitative i.e. produces continuous numeric results ex-
pressed in terms of the test sample but not derived from a 
calibration curve or reference standard [38]. The evaluation 
data are analyzed and discussed according to the recom-
mendations for the precision analysis described for quantita-
tive assays in the white papers [33, 39].

Results
Modification of flow panel to improve 
fluorochrome compatibility and CD4 gating
Our previously developed flow cytometric assay method-
ology for pMHCII tetramer staining, for the quantification 
and phenotyping of antigen-specific CD4+ T cells [14], was 
not yet qualified for use in a clinical trial setting. As a first 
step, we adapted our panel to improve the separation of 
CD4 and CD3 cells, while retaining other methodologies. 
Our initial panel design used CD3 BUV737 and CD4 Alexa 

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
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Fluor700 fluorochrome combinations which, although ex-
cited by different lasers, still yield significant fluorescence 
spillover. Although trivial when assessing healthy individ-
uals, in RA patients with activated PB CD4+ T cells, surface 
expression of CD3 and CD4 often changes, impairing the re-
liable definition of CD3 and CD4 expression (Supplementary 
Fig. 2). We carefully redesigned the panel, following good 
flow cytometry panel design principles, employing antibody/
fluorochrome combinations with low spillover and with 
high detection levels to ensure robust marker separation. We 
evaluated this flow cytometry–based method for precision 
and reproducibility to detect total and HLA-DRB1∗04:01- 
and HLA-DRB1∗01:01-CII259-273-specific CD4+ T cells and 
T-cell subsets, including 16 subpopulations of CD4+ and 
CD4+ tet+ T cells: CD127- CD25+, CD127+ CD25+, PD1+, 
CD45RO+, CCR7+, T naive (CCR7+ CD45RO-), T effector 
memory (Tem) (CCR7- CD45RO+), and T central memory 
(Tcm) (CCR7+ CD45RO+) subpopulations. Ten assays were 

performed using samples from five RA patients and one 
buffy coat, including one assay comprising two RA sam-
ples (R1 and R2) on day 1 and day 2 performed together 
by one analyst (Table 1). From collated results, we calcu-
lated specificity, intra-assay precision, repeatability, intra-day 
inter-analyst precision, and inter-assay reproducibility. All in-
dividual assay data, replicates and calculations are presented 
in Supplementary Tables 2–5. Comparative tetramer staining 
for patient R1 and R2 are depicted in Supplementary Figs 3 
and 4, respectively.

Specificity
The specificity of each tetramer was tested by staining the 
HLA-DRB1∗01:01-CII(259-273)-specific SKW3 cell line with 
HLA-DRB1∗04:01- relative to HLA-DRB1∗01:01-CII259-273 
tetramers. Non-specific binding in NC on days 1 and 2 was 
5.56% and 1.08%, respectively, demonstrating the high 

Table 1. Evaluation summary with cell recovery and viability. Ten assays were performed using three samples from RA patients (days 1, 2, and 4) and 
one buffy coat (day 3)

Assays performed Sample code HLA Type No of Vials (Cells per vial 
at the time of freezing) 

Frozen on Cell count 
after thawing  

Cell recovery 
after thawing 

(%) 

Cell via-
bility (%) 

Day 1
Assay 1 Analyst 1 R1 DRB1∗04:01

DRB1∗03:01
2 vials (17 × 106) 21/07/2016 3.56 × 106 10.47 72.00

R2 DRB1∗01:01
DRB1∗16:01

2 vials (18 × 106) 15/06/2016 11.15 × 106 30.97 66.90

Assay 2 Analyst 2 R1 DRB1∗04:01
DRB1∗03:01

1 vial (17 × 106) 21/07/2016 1.38 × 106 8.12 70.30

R2 DRB1∗01:01
DRB1∗16:01

1 vial (18 × 106) 15/06/2016 3.93 × 106 21.83 84.10

Day 2
Assay 3 Analyst 1 R1 DRB1∗04:01

DRB1∗03:01
3 vials (17 × 106) 21/07/2016 2.5 × 106 4.90 73.40

R2 DRB1∗01:01
DRB1∗16:01

2 vials (18 × 106) 15/06/2016 6.48 × 106 18.00 87.10

Assay 4 Analyst 2 R1 DRB1∗04:01
DRB1∗03:01

3 vials (17 × 106) 21/07/2016 3.88 × 106 7.61 88.00

R2 DRB1∗01:01
DRB1∗16:01

1 vials (17 × 106) 15/06/2016 3.56 × 106 20.94 91.80

Day 3
Assay 5 Analyst 1 Buffy Coat ND 36 × 106 16/10/2016 17.63 × 106 48.97 92.70
Assay 6 Analyst 2 Buffy Coat ND 36 × 106 16/10/2016 17.26 × 106 43.53 92.30
Day 4
Assay 7 Analyst 1 R3 DRB1∗04:01

DRB1∗04:04
2 vials (18 × 106) 12/03/2020 21.93 × 106 60.92 93.40

Assay 8 Analyst 2 R3 DRB1∗04:01
DRB1∗04:04

2 vials (18 × 106) 12/03/2020 26.13 × 106 72.58 92.00

Replication
Assay 9 Analyst 1 R4 DRB1∗04:01

DRB1∗04:04
2 vials (20 × 106) 22/11/2019 25.7 × 106 68.75 98.40

Assay 10 Ana-
lyst 1

R5 DRB1∗04:01
DRB1∗04:01

2 vials (22 × 106) 15/06/2018 37.3 × 106 84.77 96.60

Cell count and viability determined with the Vi-Cell XR Cell Viability Analyzer.
ND, not determined.

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
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level of specificity of the antigen-specific T cell line (Table 
2). On day 4, we used cells from HLA-DRB1∗04:01+ pa-
tient R3 for specificity testing by similar staining with 
HLA-DRB1∗01:01-CII259-273 tetramers. We observed 
34.48% non-specific binding in NC (Table 2). The dot 
plots with gating for specificity measures are presented in 
Supplementary Fig. 5.

Intra-assay precision repeatability
For initial evaluation, we phenotyped the CD4+ and CD4+tet+ 
subpopulations as indicated in Fig. 1. HLA-DRB1∗04:01 
(R1) and HLA-DRB1∗01:01 (R2) samples were assessed 
by two analysts on two separate days (Table 1). There was 
no significant difference in percent gated expression of any 
subpopulations over the four assays (Fig. 3A and C).

One analyst ran replicates for sample R1 (Supplementary 
Table 2), allowing estimation of intra-assay precision for 
that day. This was found to be well within an acceptable 
range (%CV≤35), apart from the tet+ CD4+ Tem (%CV of 
54.18%) (Fig. 3B). For sample R2, (Supplementary Table 3), 
one or two populations showed intra-assay precision outside 
the acceptable limit, out of four assays. However, all markers 
were well within acceptance criteria for repeatability, ranging 
from 5.79% (CCR7+) to 33.93% (tet+ PD1+), again with 
the exception of tet+ CD4+ Tem (%CV 46.70%) (Fig. 3D). 
As per recommendations, for intra-assay repeatability, if the 
mean value of %CV from all the assays meet the criteria, it is 
not necessary for each individual assay to have %CV ≤35% 
[33]. Accordingly, the intra-assay precision result fulfills the 
criteria of intra-assay repeatability for the haplotype HLA-
DRB1∗01:01.

However, we recorded poor cell recovery and viability 
(<75%) in four of eight thaws of R1 and R2 (Table 1). Thus, 
we hypothesized that low numbers, especially of antigen-
specific T cells, contributed the main source of variability. 
To test this, we repeated the precision experiments with a 
healthy control buffy coat sample (Assay 5 and 6; day 3) 
without tetramer staining, maintaining three sample repli-
cates per assay (Supplementary Table 4), and with an add-
itional RA sample (R3; HLA-DRB1∗04:01; Assay 7 and 8, 
day 4) with a higher cell recovery and >90% viability. For 
this RA sample we included tetramer staining and five repli-
cates per assay (Supplementary Table 5). From the buffy coat 

sample, all gated populations were identified with a precision 
within %CV of 10%, except for CD4+ Tem cells (%CV of 
11.62%). The intra-assay repeatability was also within the 
mean 10%CV for all the markers (Fig. 3E and F). Similar re-
sults were obtained for R3 (Fig. 3G and H and Supplementary 
Table 5). The intra-assay repeatability was well within an 
acceptable range from 0.86% to 16.72%, with the tet+ 
CD127-CD25+ subpopulation higher but still acceptable, at 
a mean %CV of 34.22% (Fig. 3G and H). These results in-
dicate that the desired intra-assay precision and repeatability 
was achieved for all gated populations with cell recovery and 
viability of >90%.

Intra-day inter-analyst precision, inter-assay 
precision, and reproducibility
The intra-day inter-analyst precision was calculated as 
%CV from the mean of individual assays performed by two 
analysts on the same day and same sample, as depicted in 
Fig. 2.

The inter-analyst precision on day 1 for haplotype HLA-
DRB1∗04:01 (R1) was within the acceptable limit for all 
subpopulations. On day 2, 10 subpopulations showed 
%CV greater than 35% (Fig. 4A). The overall low repro-
ducibility in this sample could be attributed to low cell 
numbers, poor quality, and few replicates included per ex-
periment.

For haplotype HLA-DRB1∗01:01 (R2), % CV values for 
inter-analyst precision on day 1 and day 2 were mostly within 
the acceptable limit, below 35%. Results improved when 
samples with >90% cell recovery and viability (buffy coat 
and R3) were assayed on day 3 and 4, respectively. From the 
buffy coat sample, all subpopulations except CD127+CD25+ 
(41.62%) were within the recommended %CV limit. For 
sample R3, all subpopulations showed acceptable %CV (Fig. 
4A). Notably, even though measuring rare tet+ cells, only 
three subpopulations had %CV > 25%.

The inter-assay precision was calculated as %CV from the 
replicates of all assays performed from the same sample on 
different days by different analysts, representing the overall 
reproducibility of the assay (Fig. 1). Similar to the pre-
vious calculations, the inter-assay precision analysis for R1 
and R2 failed to meet the %CV cutoff criteria in 7 and 6 

Table 2. Specificity of HLA-DRB1∗04:01- or HLA-DRB1∗01:01-CII259–273 tetramers for CII-specific cells

Day Controls/Spec-
ificity samples 

# CD4+
T cells 

# 
Tet+
cells 

% Tet-
positive cells 

MFI CD4+ 
Tet+ 

% Binding considering 
PC as 100% binding 

% Spec-
ificity 

1 SKW3 PC 9900 415 4.1919 3.770 100 100
SKW3 NC 10295 24 0.2331 2.920 5.56 94.44

2 SKW3 PC 12166 283 2.3262 3.182 100 100
SKW3 NC 11914 3 0.0252 2.825 1.08 98.91

4 R3 PC 282856.8 167.4 0.0580 3.616 100 100
 R3 NC 211768 44 0.0200 3.790 34.48 65.52

Negative (NC) and positive (PC) controls were set up as a part of the precision assay by one analyst on each day of assay (days 1-4), except day 3 (buffy 
coat). The PC sample consists of (n = 1) HLA-DRB1∗01:01+ PBMC spiked with 105 HLA-DRB1∗01:01-CII259-273-specific SKW3 cells (1 × 105) when 
stained with HLA-DRB1∗01:01-CII259-273 tetramer. The NC sample consists of (n=1) HLA-DRB1∗01:01+ PBMC spiked with 105 HLA-DRB1∗01:01-CII259-

273-specific SKW3 cells (1x105) when stained with HLA-DRB1∗04:01-CII259-273 tetramer. On day 4, HLA-DRB1∗04:01+ RA sample R3 was stained with 
mismatched HLA-DRB1∗01:01-collagen II259-273 tetramer without spiking SKW3 cells, as NC. The PC value of R3 was calculated as a mean of replicates (n 
= 5) from the assay of HLA-DRB1∗04:01-CII259-273 tetramer staining without spiking, conducted as part of precision. Representative flow cytometry plots in 
Supplementary Fig. 3.

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
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Fig. 3 RA samples R1 (HLA-DRB1∗04:01), R2 (HLA-DRB1∗01:01), buffy coat sample and RA sample R3 (HLA-DRB1∗04:01). Assays were conducted as 
shown in Figure 2. (A) Percent of gated subpopulations of CD4+ T cells with (green symbols) and without tetramer (black symbols) from RA sample R1 
(day 1, two analysts). (B) Intra-assay precision (%CV) and intra-assay repeatability (mean %CV) from R1 (two assays, two analysts). (C) Percent of gated 
CD4+ T cell subpopulations with and without tetramer in RA sample R2 (day 2, two analysts). (D) Intra-assay precision and Intra-assay repeatability from 
R2 (two assays, two analysts). (E) Percent of gated subpopulations of CD4+ T cells from the buffy coat sample (day 3, two analysts). (F) Intra-assay 
precision and intra-assay repeatability from the buffy coat sample (two assays, two analysts). (G) Percent of gated subpopulations of CD4+ T cells with 
and without tetramer in RA sample R3 (day 4, two analysts). (H) Intra-assay precision and intra-assay repeatability from R3 (two assays, two analysts). 
Datapoints in (A), (C), (E), and (G) represent replicate results. The filled data points were identified as outliers from combined data of two assays. 
Outliers are included in all calculations. Each data point in (B), (D), (F), and (H) represents %CV from one assay and the mean bar indicates Intra-assay 
repeatability (mean %CV) from two assays. The dotted line at 35% represents the recommended precision. Red ∗ indicates markers failing to meet 
intra-assay repeatability of %CV>35.
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subpopulations, respectively, but were within the 35% range 
for the buffy coat sample and R3, except tet+ CD127-CD25+ 
cells at 36.43% (Fig. 4B).

Correlation of intra-assay precision with cell 
recovery and viability
Given these observations, we correlated intra-assay preci-
sion (%CV) with viability of sample and recovery of cells 
from all assay samples. Cell viability was negatively cor-
related (P ≤ 0.05) for five subpopulations: tet+, tet+PD1+, 
tet+CCR7+, CD127-CD25+, and CD127+CD25+ (Fig. 
5). The linear regression equations generated from these 
significantly correlated subpopulations were used to ex-
trapolate the minimum viability required to achieve %CV 
of 10%, 25% and 35% respectively (Supplementary 
Table 6). According to their individual linear equations, 
the highest % viability required to meet %CV value of 
25% is 86.78% (for Tet+PD1+), indicating that samples 
with % viability of ≥85% should meet acceptance cri-
teria of %CV≤35% for the five significantly correlated  
subpopulations.

Reproducibility experiments after completion of 
the evaluation exercise
After completing the formal evaluation, we tested two 
more samples, R4 and R5, from RA patients with post-
thaw viability of 98.4% and 96.5%, respectively to 
assess reproducibility. After exclusion of outliers ascer-
tained using Dixon’s test (for a single outlier in a small 
data set), only one %CV value was >35% (Supplementary 
Table 7). These data confirm that reproducibility is high 
for replicate samples with viability >85%. Under these 
conditions, intra-assay repeatability, inter-analyst pre-
cision, and inter-assay reproducibility for the tetramer 
assays were well within the %CV ≤35% acceptable 
range, for all the tested rare subpopulations except  
tet+ CD127-CD25+ [33].

Fig. 4 Intra-day inter-analyst precision (intra-day reproducibility) and inter-
assay reproducibility from day 1 to day 4. One assay from each sample (R1 
and R2 on day 1 and 2, buffy coat on day 3 and R3 on day 4) was conducted 
by two analysts. (A) The %CV of two assays from the same sample on 
the same day by different analysts was calculated as intra-day inter-analyst 
precision or intra-day reproducibility. Each data point represents %CV for an 
indicated subpopulation. The dotted line at 35% represents recommended 
precision for rare cell populations. (B) Inter-assay precision from all replicates 
from all assays. The dotted line at 10% represents the desired precision and 
at 35% represents recommended precision for rare cell populations.

Fig. 5 Linear correlation analysis of intra-assay precision to cell viability. The degree of linear correlation between intra-assay %CV and %sample viability. 
From all the subpopulations tested across all assays, five subpopulations - tet+ (n = 7), tet+PD1+ (n = 7), tet+CCR7+ (n = 7), CD127-CD25+ (n = 9), 
and CD127+CD25+ (n = 9) cells – were significantly negatively correlated (P ≤ 0.05), with Pearson r values of −0.8142, −0.9684, −0.8421, −0.794, and 
−0.8012, respectively. The dotted lines in the graph indicate 95% confidence intervals.

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
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http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxab008#supplementary-data
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Discussion
Clinical validation of antigen-specific T cells is greatly needed 
as an immunological biomarker tool to monitor antigen-
specific T-cell frequency or phenotype before or at clinical 
diagnosis in natural history studies or association with clin-
ical response to immunotherapy [11, 40]. Flow cytometry–
based soluble pMHC tetramer techniques are the most 
reliable methods for monitoring antigen-specific T or B cells 
[41]. Implementing flow cytometry methods according to the 
regulatory requirements of drug development and as estab-
lished validated clinical or diagnostic markers is challenging 
due to the lack of reference standards, inherent biological 
lymphocyte variability, limited stability of samples, cytometer 
set-up requirements, the complexity of data output and the 
interpretation of results with lack of relevant guidelines 
[42–45]. Recently, guidelines for validating flow methods 
were published as white papers [33, 39]. Apart from recent 
successful validation and application at multicenter level of 
a flow cytometry method for abundant peripheral blood cell 
populations [46], few fit-for-purpose qualification studies 
have been validated for relevant clinical settings. Qualifying 
a flow-based method for detection of rare antigen-specific T 
cells (~1–100 in 106 CD4+ T cells) with low affinity TCRs, 
is more challenging than phenotyping abundant cells. Some 
self-epitopes have very low affinity for HLA-II. Moreover, 
self-reactive TCRs bind to self-epitopes with lower affinity, 
and with shorter dwell times than TCRs specific for foreign, 
pathogen-derived peptides, which makes their detection chal-
lenging [47, 48]. This instability has been the focus of recent 
protein engineering strategies [49]. Several methods are quali-
fied or validated for antigen-specific CD8+ T cells, which are 
detected at higher frequencies [22, 50, 51], and are generally 
less difficult to quantify than antigen-specific CD4+ T cells 
[47, 48]. Circulating antigen-specific CD4+ T cells are harder 
to identify, due to the relatively low affinity and avidity of 
their TCRs to cognate pMHC, as well as cross-reactivity to 
environmental antigens [18, 19, 21, 22, 51, 52]. For example, 
virus-specific CD4 memory T cells are present in circulation of 
unexposed adults and expand after influenza immunization. 
These T cells recognize multiple microbial epitopes, due to 
cross-reactivity of the TCRs for other peptide-MHC combin-
ations [21]. Similarly, blood from both HLA-DRB1∗04:01+ 
healthy donors and RA patients contains circulating CD4+ T 
cells that recognize multiple self-antigens [31, 53, 54]. Thus, 
it has been challenging to develop tetramer reagents and 
protocols for flow cytometry and other relevant technolo-
gies [18, 55]. Furthermore, autoreactive CD4+ T cells may be 
compartmentalized in tissues, resulting in low frequencies in 
PB [18]. Attempts to enrich them may lead to cell death and 
autofluorescence [14, 18].

Tetramer staining methods can be classified as quasi-
quantitative or qualitative, as there are no calibration stand-
ards available. The most important parameters that can be 
improved in flow-based methods are specificity, precision 
and reproducibility, based on repetitive analysis within one 
or multiple laboratories. In the current studies, we evaluated 
our optimized assay for CII259-273-specific CD4+ T cells from 
RA patients using pMHCII tetramers to develop biomarkers 
assessing the longitudinal impact of therapy, particularly 
antigen-specific immunotherapies. We expected to see high 
%CVs, because antigen-specific T cells are rare (1–100 per 
million cells) and susceptible to cell death in thawed PBMC 
from patients with active disease [22, 56, 57]. To increase the 

yield of phenotypic information, we endeavored to identify 
multiple subpopulations of these rare antigen-specific T cells 
from frozen PBMC. Therefore, rather than set %CV assay 
acceptance criteria, we wished to understand limitations and 
identify critical parameters influencing overall assay repro-
ducibility. The negative correlation between cell viability and 
%CV provides important insight into cell viability as one 
of the most critical parameters affecting overall precision of 
the assay. Furthermore, as antigen-specific T cells are gen-
erally very infrequent, a reduction in cells per test reduces 
the chance of detection and increases variability between 
assays. Thus, optimizing the number of cells per test and 
acquiring a pre-set minimum number of cells is important 
when measuring rare tetramer subpopulations. Attention to 
PBMC preparation and post-thaw viability will enhance the 
quality of outputs from clinical trials of antigen-specific im-
munotherapy.

The specificity assays showed high tetramer specificity for 
clonal T cell lines expressing high levels of TCR, but a degree 
of cross-reactivity to TCR from PBMC with mis-matched 
HLA haplotype. This is not unexpected for pMHCII tetra-
mers, due to TCR-tetramer complex instability (low ‘func-
tional avidity’), and cross-reactivity to other low avidity 
alloreactive T cells [21, 58, 59]. From the perspective of the 
TCR, HLA-DRB1∗01:01-CII259-273 and HLA-DRB1∗04:01-
CII259-273 have somewhat similar architecture [60], which 
might increase cross-reactivity.

CD25 had consistently high %CV in all subpopulations. 
A previous multicenter validation study phenotyping PB cells 
showed a consistent reduction in %CD4+CD25hiCD127lo 
Treg after cryopreservation, indicating particular sensitivity 
to loss of these surface markers [46]. This is an important 
limitation of the use of CD25 in panels to quantify total or 
antigen-specific Treg, which should be factored into decisions 
about which outcomes will assess the immune regulatory re-
sponse to ASIT.

The quasi-quantitative tetramer assay described here was 
optimized for the detection of CII259-273-specific CD4+ T cells 
in patients with HLA-DRB1∗01:01 or HLA-DRB1∗04:01 and 
was suitable as a fit-for-purpose assay in research environ-
ments. We show that a precision outcome with recommended 
repeatability and reproducibility levels is achievable for rare 
antigen-specific T-cell subpopulations, provided that the 
cellular viability is ≥90% after thaw, and that a minimum 
number of cells is assessed. These measures increase confi-
dence in subgating strategies. The precision level of 10% CV 
in healthy control PBMC indicates that the assay is prob-
ably feasible for application in clinical trials, if validated on 
a larger scale at multiple centers. In RA patients, the preci-
sion level near 25% indicates applicability of the assay for 
fit-for-purpose biomarker studies [33]. Previous studies dem-
onstrated that titration of tetramer concentration, antibody 
concentration and standardized gating strategy using FMOs 
are also critical parameters for assay reproducibility [20]. Full 
qualification and validation that include linearity, specificity, 
sensitivity, LLD, and addressing limitations, are now feasible 
in future studies using relevant acceptance criteria in a patient 
population.

Supplementary data
Supplementary data is available at Clinical and Experimental 
Immunology online.
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