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Abstract

Precise analyses of alloreactive T cell phenotype and function can inform both the nature and 

intensity of adaptive responses to transplant antigens. However, alloreactive T cells are sparse and 

difficult to detect, particularly in cryopreserved peripheral blood mononuclear cells (PBMCs) and 

from hypo-responsive individuals. An assay to identify and phenotype alloreactive cells would be 

particularly valuable, especially for multi-center clinical trials that often store frozen samples for 

batch analysis. Herein we demonstrate consistent and reproducible alloreactive T cell detection 

in cryopreserved PBMC following a short-term mixed lymphocyte reaction (MLR). The inherent 

background expression levels of activation markers on responder T cells were minimized by 

including a resting period prior to the assay. Stimulator cells were activated before inclusion in 

the MLR by addition of CD40L and IL-4. The time frame and markers to identify and phenotype 

alloreactive T cells following stimulation were optimized using short term co-cultures. We defined 

subsets of CD4+ and CD8+ T cells co-expressing CD69 and either CD154 or CD137 following 

allostimulation as alloreactive, and further phenotyped these cells with a variety of surface markers 

such as PD-1, LAG-3, and TIM-3. This assay may allow for the monitoring of donor-specific T 

cells in transplant recipients with longitudinally collected and cryopreserved PBMCs and provide 

a useful tool to identify biomarkers associated with tolerance. These biomarkers may add to 

mechanistic insights in immune recognition of transplanted tissues and/or cells.
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1. Introduction

Recipient T cells are critical contributors to graft fate following solid organ transplantation. 

Detecting and phenotyping graft-reactive T cells following transplant could yield valuable 

mechanistic insight and potentially inform therapies to promote transplant tolerance and 

prevent graft rejection. Although major histocompatibility complexes (MHC)-multimer is 
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excellent material to detect specific T clones, the allo-repertoire is too diverse to be 

assessed by MHC-multimer as a clinical assay. On the other hand, mixed lymphocyte 

reaction (MLR) is a classic, but practical system to observe allo-response. However, MLR 

has several limitations depending on its readout. The readout such as highly sensitive 

with low background and rapid detection before activation-induced alteration is desired 

for phenotyping alloreactive T cells. Proliferation requires certain incubation period that 

lead activation-induced alteration of phenotype. Cytokine detection may be more rapid, 

but sensitivity could be incertitude by selection of cytokines (Assenmacher et al., 1994). 

Among the activation markers, antigen-induced expression of CD154 (CD40 Ligand) and 

CD137 (4–1BB) have been reported as a highly sensitive and specific early marker for 

detecting antigen-specific T cells (Chattopadhyay et al., 2005; Frentsch et al., 2005; Wolfl 

et al., 2007). CD154 and CD137 are costimulatory-related molecules belonging to the 

tumor necrosis factor (TNF) and TNF receptor family, respectively. CD154 has been 

shown the rapid upregulation on antigen-specific CD4 + T cell with diverse cytokine 

profiles and memory phenotypes (Chattopadhyay et al., 2005; Ashok-kumar et al., 2009). 

In pediatric liver transplant recipients, the ratio of anti-donor to anti-third party induced 

expression of CD154 in memory T cells has been reported as a predictive biomarker 

for early rejection (Ashokkumar et al., 2009).CD137 also has been reported to identify 

wide repertoire, including both naïve and memory subsets, of antigen-specific CD8+ T 

cells in short time activation (Wolfl et al., 2007). Despite specificity and quick detection, 

the frequency of detected alloreactive CD4+ and CD8+ T cells by CD154 and CD137 

expression in allo-MLR was unsatisfactory, only 0.1 to 0.2%, probably because of the 

modest antigen presenting capacity of human peripheral blood mononuclear cells (PBMCs) 

even after freshly isolation (Litjens et al., 2009, 2013). PBMC, a readily accessible material 

to assess immune responses in humans. Ideally T cell activation assays should be performed 

immediately after sample isolation; however, this may be impractical, especially for multi-

center clinical trials. It is more pragmatic to consolidate testing in a central laboratory 

and batch-test longitudinally collected cryopreserved PBMCs, minimizing the potential 

of inter-assay variability. Thus, there is a compelling need to develop an assay that is 

reliable, performed on cryopreserved PBMCs, and identifies and phenotypes donor-specific 

responding T cells.

Our initial studies found that cultures of freshly thawed human PBMCs expressed elevated 

levels of activation markers, creating an “activation noise” background present on most T 

cells. Here, we demonstrate that this background can be reduced by resting PBMCs prior 

to the assay. We also demonstrate that following culture with stimulated allogeneic PBMC, 

a substantial number of activated, allospecific T cells express a distinctive combination of 

CD69 and CD154/CD137 with a low background activation signal. Furthermore, we present 

a time course assay with polyclonal stimulation to optimize incubation time and marker 

selection for assays of specific interest. In summary, our protocol allows for the analysis of 

alloreactive T cells and has identified and excluded potentially confounding surface markers 

of non-specific activation. Understanding these assay conditions may allow for dissection of 

precise mechanisms of reactivity and unresponsiveness in transplant recipients.
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2. Material and methods

2.1. Study subjects

This study was approved by the Partners Human Research Committee (2015P001580). 

Written form of consent was obtained from all the participants. Healthy donor buffy coat 

units were obtained from the Massachusetts General Hospital Blood Bank.

2.2. Isolation of peripheral blood mononuclear cells and cell culture

PBMCs were isolated by gradient centrifugation with Ficoll-Paque PLUS (GE Healthcare), 

frozen in freezing medium (90% FBS and 10% DMSO), and stored in a liquid nitrogen 

freezer until use. PBMCs were cultured in 10% Human AB serum (Gemini Bio-Product) 

containing RPMI media (10%RPMI) or in serum-free AIM-V media supplemented with 

5 mM HEPES (Gibco). PBMCs were rested after thawing at 2–3 × 106 cells/mL for the 

indicated time period.

2.3. Flow cytometry

The following Abs were used for phenotypic analysis: FITC-CD14 (M5E2), FITC-CD16 

(3G8), FITC-CD19 (HIB19), FITC-HLA-A,B,C (W6/32), FITC-CD244 (C1.7), FITC-CD28 

(28.2), PE-CD8a (SK1), PE-CD69 (FN50), PE-CTLA-4 (L3D10), PE-CD86 (IT2.2), 

PE-TCR vb9 (MKB1), PerCPCy5.5-CD3 (UCTH1), PerCPCy5.5-TCR Vb1 (BL37.2), 

PECy7-CD137 (4B4–1), PECy7-CD19 (HIB19), PECy7- KLRG1(SA231A2), APC-CD154 

(Kutscher et al., 2013; Wilson and Blyth, 1968; Lindahl and Wilson, 1977; Ryser 

and MacDonald, 1979; Turka et al., 1989; DeWolf et al., 2018; Crespo et al., 2013; 

Sanchez-Fueyo and Markmann, 2016), APC-CD57 (HCD57), APC-LAG-3 (11C3C65), 

APCCy7-CD8 (HIT8a), APCCy7-CD45RA (HI100), BV421-CD4 (OKT4), BV421-PD-1 

(EH12.2H7), BV421-CD127 (A019D5), and FOXP3 (206D), all purchased from Biolegend 

(San Diego, CA). FITC-CCR7 (150503), PerCPeFluor710-TIGIT (MBSA43), BV421 TCR 

Vb3 (JOVI-3), and BUV737 TCR Vb8 (JR2) were purchased from BD Biosciences (San 

Jose, CA). TIM-3 (344823) was purchased from R&D Systems (Minneapolis, MN). Data 

were collected on FACS Verse or FACS LSRII (BD Biosciences) and analyzed using Flowjo 

(Tree Star, Ashland, OR).

2.4. Alloreactive T cell detection assay

Alloreactive T cells were identified following MLR culture using allogeneic PBMCs as 

stimulators. Stimulator PBMCs were activated with a B cell-targeted cocktail consisting 

of multimeric human CD40L (100 ng/mL, Adipogen, San Diego, CA) and recombinant 

human IL-4 (10 ng/mL, Peprotech, Rocky Hill, NJ) for 2 days at 2 × 106 cells/mL in 

24-well flat bottom plate. Prior to culture, stimulators were labeled with 5 uM CFSE for 

5 min as described above and irradiated with 30 Gy. Responder PBMCs were rested for 

1 day prior to culture. Responders and activated stimulators were co-cultured at 1:1 ratio 

(106 cells, each) in 96-well u-bottom plates with 200 uL media containing APC conjugated 

anti-CD154 labeling monoclonal Abs (clone 24–31, Biolegend) for the indicated time (Fig. 

4A). Alloreactive CD4+ and CD8+ T cells were identified as CD154 + CD69 + CD4+ 
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and CD137 + CD69 + CD8+ responder CD3+ cells, respectively. As a negative control, 

autologous PBMCs were simultaneously processed and co-cultured with responder cells.

2.5. HLA typing

Genomic DNA was extracted from PBMCs and HLA-A, HLA–B, and HLA-DR antigens 

were identified by reverse sequence-specific polymorphism-polymerase chain reaction – 

Luminex typing method using a LAB type RSSO1A, RSSO1B and RSSO2B1 kit (One 

Lamda, West Hills, CA), respectively. HLA mismatch status was determined according to 

comparison of HLA antigen on responder and stimulator samples.

2.6. Time course assay with polyclonal stimulation

Frozen PBMCs were thawed and rested for 2 days at 2–3 × 106 cells/mL in culture medium 

prior to the assay. PBMCs were cultured with anti-CD3 and anti-CD28 antibody coated 

beads (11141D, Invitrogen, Carls-bad, CA) at a 1:1 cell to bead ratio in 96-well u-bottom 

plates. Activated T cell phenotype was analyzed at serial time points (6, 12, 18, 24 h) by 

multi-parametric flow cytometry.

2.7. Statistical analysis

Statistical analyses were performed using Prism 7 (GraphPad Prism, San Diego, CA). 

Student’s t-test or paired t-test was used to compare the parameters between the two groups. 

One-way ANOVA followed by the Tukey multiple comparison test was used for multi group 

analyses. P values <0.05 were considered statistically significant.

3. Results

3.1. Reducing background T cell activation in media supplemented with human AB serum

Given the comparatively low frequency of alloreactive T cell precursors detected in PBMCs, 

it is essential to reduce non-specific activation as much as possible. However, we found that 

T cells in cryopreserved PBMCs express CD154, CD137, and CD69 without stimulation 

(Fig. 1). Upregulation of CD69 expression by human T cells following thawing and resting 

periods have been previously reported in cell cultures containing serum (Faint et al., 2011; 

Wang et al., 2016). Interestingly, the expression of CD69 and CD154 by CD4+ T cells was 

higher in serum free media (AIM-V) compared with human AB serum containing media 

(10% RPMI, Fig. 1A). CD69 expression by CD8+ T cells was also higher in serum free 

media (Fig. 1B).

After inclusion of serum in the culture media, it took 48 h for CD69 expression to diminish 

(0.5–1% CD4 + CD69+, 4–5% CD8 + CD69+ T cells, data not shown). Due to this 

high level of expression in the absence of stimulation and bystander activation following 

stimulation, CD69 alone is an unsuitable maker for detecting antigen specific responses. 

However, combining CD69 with CD154 or CD137 lowered the detection of non-specific 

activation compared to using CD154 or CD137 in isolation 12 h following stimulation with 

autologous cells (mean CD4+ 0.03% vs. 0.11%, or CD8+ 0.08% vs 0.16%, respectively, 

Supplementary Fig. S1). Resting responder cells for 1 day prior to inclusion in the MLR 

was instrumental in decreasing the background expression of CD154 and CD69 on CD4+ 
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T cells. Without this rest, expression of these markers following autologous stimulation was 

significantly higher than that after 1 day rest and may confound the detection of alloreactive 

T cells (Fig. 2).

3.2. Stimulator B cell activation prior to MLR enhances alloreactive T cell stimulation

B cells are well recognized as effective antigen presenting cells (APCs) (Lapointe et al., 

2003; Zand et al., 2005). To potentially enhance stimulation of responder alloreactive T 

cells, we activated stimulator B cells prior to their inclusion in the MLR. We observed that a 

2 day incubation of bulk PBMCs with multimetric CD40L and human rIL-4 upregulated the 

expression of HLA Class I, II, and CD86 on both B cells and other potential APCs (Fig. 3).

3.3. CD69 and CD154 or CD137 expression identifies alloreactive CD4+ and CD8+ T cells

After 12 h of allo-MLR culture with random paired activating PBMCs from healthy donors 

(Fig. 4A, detail in material and methods), the proportion of CD154 + CD69+ cells in 

the CD4+ T cells and CD137 + CD69+ cells in CD8+ T cells were readily detected in 

multi-parametric flow cytometry analysis (all values mean ± s.d.; 0.38 ± 0.20% in CD4+ and 

0.37 ± 0.19% in CD8+, respectively, Fig. 4B). The proportion of CD154 + CD69 + CD4+ 

and CD137 + CD69 + CD8+ T cells detected following MLR with activated autologous 

PBMCs was low (0.04 ± 0.02% in CD4+ and 0.08 ± 0.06% in CD8+, respectively).

The percentage of T cells that were alloreactive peaked 18 h following stimulation for CD4+ 

T cells and 24 h following stimulation for CD8+ T cells (Fig. 4C). However, among the 

time points of 12, 18, 24, and 36 h, there are no statistically significant differences in the 

alloreactive T cell detection rate in multi-variate analysis. Following autologous stimulation, 

the rate of detection of CD154 + CD69 + CD4+ or CD137 + CD69 + CD8+ T cells 

remained uniformly low (Fig. 4C).

The detecting rate of both CD4+ and CD8+ alloreactive T cells was reproducible 

(Supplementary Fig. S2). Furthermore, we analyzed TCR Vb repertoires to test whether our 

assay can detect clonally consistent alloreactive cells. Representative, repeated experiments 

with a same allo-pair showed 3.1 (range 2.4–3.6) % and 2.1 (1.8–2.4)% of TCR Vb1+, 

1.5 (1.3–1.7)% and 0.4 (0.3–0.4)% of TCR Vb3+, 5.2 (4.3–5.2)% and 1.1 (0.9–1.2)% of 

TCR Vb8+, and 4.6 (4.3–5.2)% and 0.4 (0.3–0.5) of TCR Vb9+ cells in CD4+ and CD8+ 

alloreactive cells, respectively (Fig. 5). The proportion of TCR Vbs positive cells were quite 

consistent in alloreactive cells despite small absolute number compared to non-alloreactive 

cells.

Consistent with the activated phenotype of stimulators after 2 days activation (Fig. 3), 

activated stimulators significantly enhanced detection of both CD4+ and CD8+ alloreactive 

T cells compared to non-activated PBMCs stimulators (% alloreactive cells in CD4+ and 

CD8+ T cells: 0.48 ± 0.33% vs 0.23 ± 0.14% (P = 0.0031) and 0.39 ± 0.20% vs 0.21 ± 

0.13% (P = 0.0056), respectively, Fig. 6A, left panel). Background signal detected following 

responder culture with activated autologous stimulators was also significantly upregulated in 

CD4+ T cells compared with non-activated PBMC stimulators. (% CD154 + CD69+ cells 

0.032 ± 0.015% vs 0.020 ± 0.012%, P = 0.0183, Fig. 6B, left panel). Notably, the percentage 

of CD4+ T cells that became activated following autologous stimulation remained low 
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compared to the percentage of CD4+ T cells that became activated following allogeneic 

stimulation.

Activated vs. resting stimulators did not significantly affect the percentage of responder 

CD8+ T cells that were activated following autologous stimulation. Although a slightly 

higher percentage of responder CD8+ vs. CD4+ T cells become activated following 

stimulation with activated autologous PBMC (%CD4+ activated 0.032 ± 0.015% vs. 

%CD8+ activated 0.080 ± 0.056%), this value is still below the mean percentage of 

responder CD8+ T cells that are activated following activated allogeneic stimulation 

(%CD8+ activated 0.39 ± 0.20%, Fig. 6A and B, right panels).

We also examined the relationship between the number of HLA mismatches between 

stimulator and responder PBMCs and the frequency of the alloreactive response. A robust 

response across a spectrum of mismatches except one mismatch of HLA class I was 

observed (Fig. 7). Responder-stimulator pairs with zero HLA mismatches were intentionally 

avoided for this assay. Interestingly, although the number of HLA mismatches of HLA-DR 

loci increased the detection of CD4+ alloreactive T cells (Fig. 7A), we did not observe the 

same effect by those of HLA class I for detection of CD8+ alloreactive cells (Fig. 7B).

3.4. Defining optimal conditions to assess the immunologic status of responding T cells

We next sought to identify additional T cell surface markers that would be minimally 

affected by stimulation during 12 h of allo-stimulated culture. If a surface marker changed 

appreciably over the time course of the experiment, it may reflect a T cell population 

that is differentiating upon stimulation in vitro vs. a T cell population that has already 

been activated in vivo. To understand the kinetics of surface molecule expression after 

stimulation, we performed time course experiments over 24 h using anti-CD3 and anti-CD28 

coated beads as pseudo stimulators. Similar kinetics of surface marker expression were 

observed following PHA stimulation (data not shown).

We observed 3 general patterns of surface marker expression following T cell stimulation: 

surface markers that increased over time following stimulation, surface markers that 

decreased over time following stimulation, and those that were largely unchanged over time 

following stimulation (Fig. 8).

Surface expression of activation induced inhibitory markers that are also suggestive of T cell 

exhaustion, such as PD-1, TIM-3, LAG-3, TIGIT and CTLA-4 increase over time following 

T cell stimulation. (Fig. 8A). Both CD4+ and CD8+ T cell expression of PD-1 (%CD4+ at 

0 h vs. 18 h, 2.7 ± 0.56% vs. 14.6 ± 4.3%; %CD8+ at 0 h vs. 18 h, 3.1 ± 1.6% vs. 12.1± 

6.3%), TIM-3 (%CD4+ at 0 h vs. 18 h, 0.18 ± 0.17% vs. 0.78 ± 0.47%; %CD8+ at 0 h vs. 

18 h, 0.093 ± 0.056% vs 5.1± 4.8%), and LAG-3 (%CD4+ at 0 h vs. 18 h, 0.053 ± 0.052% 

vs. 3.9 ± 2.4%; %CD8+ at 0 h vs. 18 h, 0.032 ± 0.032% vs. 18.1 ± 13.0%) remain low for 

the first 12 h of stimulation and begin to increase 18–24 h following stimulation. At 12 h 

following stimulation, CD4+ and CD8+ T cells begin to express slightly increased levels of 

TIGIT (%CD4+ at 0 h vs. 12 h, 6.2 ± 2.3% vs. 12.2 ± 4.7%; %CD8+ at 0 h vs. 12 h, 22.6 

± 13.0% vs. 31.0 ± 16.0%), and more noticeably, increased levels of CTLA-4 (%CD4+ at 0 
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h vs. 12 h, 14.3 ± 5.5% vs. 48.1 ± 6.1%; %CD8+ at 0 h vs. 12 h, 2.0 ± 0.86% vs. 22.3 ± 

4.5%).

Surface expression of CD244 (%CD4+ at 0 h vs. 6 h, 0.78 ± 0.60% vs. 0.21 ± 0.22%; 

%CD8+ at 0 h vs. 6 h, 24.9 ± 15.9% vs. 14.1 ± 13.6%), CD28 (%CD4+ at 0 h vs. 6 h, 

95.1 ± 3.3% vs. 55.6 ± 9.2%; %CD8+ at 0 h vs. 6 h, 62.2 ± 20.7% vs. 44.4 ± 12.6%), 

CD127 (%CD4+ at 0 h vs. 12 h, 88.5 ± 8.8% vs. 67.2 ± 14.8%; %CD8+ at 0 h vs. 12 h, 

78.7 ± 14.3% vs. 59.8 ± 13.0%), and CD62L (%CD4+ at 0 h vs. 12 h, 76.4 + 5.1% vs. 

64.3 ± 7.9%; %CD8+ at 0 h vs. %CD8+ at 12 h, 58.1 ± 2.6% vs. 49.7 ± 13.5%) begin to 

decrease on both CD4+ and CD8+ T cells 6 or hours following stimulation, as indicated. As 

surface expression of these markers quickly changes in response to short-term stimulation, it 

is difficult to detect basal level expression vs. expression induced in response to stimulation 

(Fig. 8B).

Surface expression of markers of activation that overlap with markers suggestive of T cell 

memory, exhaustion, and senescence were also quantified over 24 h of stimulation. CCR7 

(%CD4+ at 0 h vs. 24 h, 89.7 + 6.3% vs. 90.0 ± 3.1%; %CD8+ at 0 h vs. 24 h, 59.7 ± 

20.3% vs. 78.2 ± 15.4%), KLRG1 (%CD4+ at 0 h vs. 24 h, 27.1 ± 16.2% vs. 17.6 ± 11.9%; 

%CD8+ at 0 h vs. 24 h, 51.4 ± 17.9% vs. 40.2 ± 17.0%), and CD57 (%CD4+ at 0 h vs. % 

24 h, 2.5 + 1.9% vs. 2.2 + 2.0%; %CD8+ at 0 h vs. 24 h, 25.8 + 14.0% vs. 20.3 + 12.7%), 

were relatively stable for up to 24 h following strong polyclonal stimulation (Fig. 8C). We 

also observed expression of CD45RA (%CD4+ at 0 h vs. 24 h, 17.3 ± 12.2% vs. 24.8 ± 

18.2%; %CD8+ at 0 h vs. 24 h, 36.1 ± 13.9% vs. 47.4 ± 20.2%) and CD45RO (%CD4+ at 0 

h vs. 24 h, 70.4 ± 16.9% vs. 62.3 + 18.1%; %CD8+ at 0 h vs. 24 h, 45.5 ± 10.7% vs. 45.2 ± 

19.1%), markers of naïve or memory T cells, to be relatively stable over 24 h of stimulation. 

Hence, we selected markers that changed minimally for the first 12 h following stimulation 

to phenotype the CD154 + CD69 + CD4+ and CD137 + CD69 + CD8+ alloreactive T cells 

detected following MLR.

Recently, CD4+ T cells that are CD137 + CD154neg following a short stimulation have 

been reported as antigen specific activated regulatory T cells (Tregs) (Schoenbrunn et al., 

2012; Nowak et al., 2018). Although they represent a small population within total CD4+ 

T cells, we observed that the proportion of CD4+ T cells that were CD137 + CD154neg 

increased up to 36 h after incubation (Fig. 9A), and FOXP3+ T cells also accumulated in 

this population over time (Fig. 9B). The slight increase of FOXP3+ in CD137negCD154 

+ CD4+ T cells may be due to activation of conventional T cells (Wang et al., 2007). 

The proportion of FOXP3 + CD137 + CD154neg in CD4+ T cells after 36 vs. 12 h of 

activation was significantly increased (0.26 ± 0.10% vs 0.080 ± 0.061%, P = 0.0034, Fig. 

9C). Collectively, our data support previous reports that this CD137 + CD154negCD4+ T 

cell population represents alloreactive Tregs in the PBMCs. Thus, this assay may detect 

alloreactive Treg after 36 h of incubation.

4. Discussion

T cells play a central role in rejection and tolerance following solid organ transplantation. 

The T cell repertoire is selected in the thymus based on response to peptides bound to 
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self-MHC. Alloreactivity arises due to cross-reactivity of self-T cells to either intact, or 

peptides from, allogeneic MHC. Following transplantation alloantigens may be presented to 

recipient T cells directly in the form of whole, donor-derived MHC on donor-derived cells; 

indirectly in the form of processed donor peptide complexed with self-MHC on self-derived 

cells; or cross-presented in the form of donor membranes expressing donor MHC fused 

to self-cells expressing self-MHC (Marino et al., 2016). MHC–multimers allow accurate 

assessment of MHC-reactive T cells if the specific target antigen is known. Therefore, the 

processing (or lack thereof) of allogeneic MHC presentation to T cells in vivo, and the 

diversity of the T cell response, make detection of alloreactive T cells in vitro challenging.

Though difficult to detect in vitro, there is evidence of alloreactive T cell significance in 

vivo. Collins et al. has demonstrated that a single alloreactive CD4+ T cell clone detectable 

before stem cell transplantation expanded to compose almost the entirety of the circulating 

CD4+ T cell repertoire, and this expansion correlated with graft vs. host disease (Michalek 

et al., 2003). Conversely, T cell clonal deletion may contribute to operational renal transplant 

tolerance (Morris et al., 2015). Further confounding detection of alloreactive T cells, this 

repertoire may be impacted by thymic output and by exposure to viral and microbial 

pathogens (Wang et al., 2008). Identifying the alloreactive T cell population would allow for 

its phenotypic analysis both pre- and post-transplant and may provide invaluable information 

regarding the recipient’s immune response to the allograft.

In this study, we have developed an assay that detects alloreactive T cells based on 

expression of the early activation markers CD69, CD154, and CD137. These alloreactive 

cells were detected following cryopreservation, allowing for batch-testing of participant 

cells collected over time. PBMCs are also relatively safe to collect from participants, and 

have been demonstrated to maintain antigen reactivity following cryopreservation elsewhere 

(Wang et al., 2016; Kreher et al., 2003). Previous studies have investigated several activating 

markers to identify alloreactive T cells. CD69 have been intensively investigated and found 

that it is induced very quickly within several hours, but their specificity is not satisfactory 

as we observed. CD25, CD71, and HLA-DR were induced later than CD69 (Caruso et al., 

1997). Cell-cycle marker, Ki-67, also have been reported to detect recent activation (Ali et 

al., 2016), but we could not observe its upregulation within less than 24 h (data not shown). 

We chose the early activation markers based on rapid upregulation after stimulation, high 

sensitivity of detection, and low background. CD154 has been shown as rapid and sensitive 

marker of antigen-specific CD4+ T cell activation (Chattopadhyay et al., 2005; Frentsch 

et al., 2005). Co-culture of T cells with fluorescently labeled anti-CD154 antibody during 

their stimulation results in the capture and immediate labeling of any CD154 on the cell 

surface (Chattopadhyay et al., 2005). We used this co-culture method as it also maintains 

cell viability and function. While CD154 is expressed readily on CD4+ T cells following 

stimulation, the expression on CD8+ T cells is limited on a subset of CD8+ cells (Frentsch 

et al., 2013; Durlanik et al., 2016). CD137, however, has been reported as a rapid marker 

of both CD4+ and CD8+ T cell activation (Wolfl et al., 2007). For this assay to reliably 

and specifically detect alloreactive T cells, the selected markers must be expressed only after 

activation. However, we observed a non-specific upregulation of CD69, CD154 and CD137 

expression on cryopreserved PBMCs T cells upon thawing in the absence of stimulation and. 

Resting cryopreserved PBMCs after thawing is commonly used to both eliminate dying cells 
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and recover viable cell responsiveness and, have been reported that they does not change 

the total number of antigen specific T cells as determined by MHC-multimer staining 

(Wang et al., 2016; Kutscher et al., 2013). Our data suggests that, during the resting period, 

thawed T cells are reprogrammed to upregulate activation pathways, primarily in response to 

intrinsic cues. Simultaneously, consistently observed cell death in resting precondition may 

lead bias that relate to test sensitivity, which live cell numbers below detection threshold, 

rather than selective death of alloreactive cells. We successfully reduce the background 

level of activation at resting phase with combination analyses of CD69 and CD154/CD137. 

Additionally, the expressions of CD137 on Treg and effector CD4+ T cells after stimulation 

have been reported to show differential kinetics (Schoenbrunn et al., 2012). Early expression 

of CD137, in the absence of CD154, has been reported as an antigen specific activation 

signature of CD4+ Treg (Nowak et al., 2018). Assessing expression of both CD154 and 

CD137 together allows for identification and analysis of alloreactive effector CD4+ T cells, 

alloreactive CD8+ T cells, and alloreactive CD4 + Tregs by CD4 + CD154 + CD69+, CD8 + 

CD137 + CD69+ and CD4 + CD137 + CD154-, respectively. This is, to our knowledge, the 

first report depicting alloreactivity in all three of these T cell subsets with a single assay.

In our assay, activation of stimulator cells by CD40L and IL-4 significantly enhanced 

detection of alloreactive T cells, perhaps explaining why we detected increased percentages 

of alloreactive T cells with CD154/ CD137, when compared to previous studies (Litjens et 

al., 2009, 2013). Classically, the proportion of alloreactive T cells has been reported as 1% 

−10% by varied assay conditions and read-outs in both murine and human T cell repertoires 

(Wilson and Blyth, 1968; Lindahl and Wilson, 1977; Ryser and MacDonald, 1979; Turka 

et al., 1989). More recently, high throughput sequencing has demonstrated the cumulative 

frequency of the alloreactive T cell repertoire detectable in total T cells to be approximately 

0.8%, suggesting that previous estimates (up to 10%) may contain bystander responded 

clones or come from the dominators excluded the large part of clones that died during 

activating periods (DeWolf et al., 2018).These recent findings support that our short-term 

assay detecting around 0.5% alloreactive T cells does not miss significant part of alloreactive 

repertoire. Additionally, we analyzed the impact of clinically relevant HLA mismatch status 

in solid organ transplantation and observed that HLA-DR (class II) mismatch increased 

the detection of CD4+ alloreactive T cells, but HLA class I (A and B) mismatch did not 

increase that of CD8+ alloreactive T cells. The culture conditions, the preconditioning for 

both responder and stimulator PBMCs, and status of other HLA loci may be responsible 

of this differential reactivity. Since the detection of alloreactive T cells is highly dependent 

upon on the quality of both responder and stimulator cells, it would be advantageous to 

batch these assays which allows to use of the same stimulator cell preparation over multiple 

time points. Using cryopreserved PBMCs serves the opportunity to perform low variable 

assay between the institutions despite limitation of the potential difference from samples in 

vivo.

Additionally, this study describes the way to choose the phenotypic surface markers of 

interest, and their utility for identifying T cell subsets before their expression altered 

by activation. Polyclonal stimulation by anti-CD3 and anti-CD28 antibody coated beads 

allowed for kinetic modeling of changes in the expression levels of T cell surface markers, 

and identified the optimal time point following stimulation to evaluate specific surface 
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markers. This optimization is relevant as a current area of investigation is monitoring 

donor-specific hyporesponsiveness in recipient T cells following transplantation. Multiple 

inhibitory and activation markers have been reported as surface markers suggestive of T cell 

hyporesponsiveness (Crespo et al., 2013; Sanchez-Fueyo and Markmann, 2016) Predictably, 

we observed surface expression of some markers reported to be suggestive of T cell 

exhaustion, CTLA-4, CD244, CD28, and CD127, to rapidly change following stimulation. 

Thus, these markers were not well suited to phenotype alloreactive T cells in this assay. In 

contrast, we found that PD-1, TIM-3, LAG-3 and TIGIT, are not upregulated within 12 h, 

allowing us to assess pre-existing allospecific T cells with a surface phenotype suggestive of 

exhaustion with multi-color flow cytometry. Additional studies would be needed to confirm 

that these cells are indeed hyporesponsive.

5. Conclusion

In summary, this assay allows for highly specific identification of cryopreserved CD4+, 

CD8+, and regulatory alloreactive T cells based on the expression of cell surface markers. 

As it utilizes cryopreserved PBMCs, it can be performed in batches and performed centrally 

in multi-center clinical trials. It may also allow for exploring biomarkers of tolerance and 

provide mechanistic insights of the recipient anti-donor T cell response.
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Funding

This work was supported by Grant for Studying Overseas from The Naito Memorial Foundation and Research 
Fellowship from The Uehara Memorial Foundation. Funding was also provided by the Immune Tolerance Network, 
supported by the National Institute of Allergy and Infectious Diseases of the National Institutes of Health under 
Award Number UM1AI109565. The content is solely the responsibility of the authors and does not necessarily 
represent the official views of the National Institutes of Health.

Abbreviations:

PBMC peripheral blood mononuclear cell

MLR mixed lymphocyte reaction

TNF tumor necrosis factor

CFSE carboxyfluorescein diacetate succinimidyl ester

APC antigen presenting cell

MHC major histocompatibility complexes

References

Ali JM, Negus MC, Conlon TM, Harper IG, Qureshi MS, Motallebzadeh R, Willis R, Saeb-Parsy K, 
et al. , 2016. Diversity of the CD4 T cell alloresponse: the short and the long of it. Cell Rep 14 (5), 
1232–1245. [PubMed: 26804905] 

Tanimine et al. Page 10

J Immunol Methods. Author manuscript; available in PMC 2025 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ashokkumar C, Talukdar A, Sun Q, Higgs BW, Janosky J, Wilson P, Mazariegos G, Jaffe R, et al. , 
2009. Allospecific CD154+ T cells associate with rejection risk after pediatric liver transplantation. 
Am. J. Transplant 9 (1), 179–191. [PubMed: 18976293] 

Assenmacher M, Schmitz J, Radbruch A, 1994. Flow cytometric determination of cytokines in 
activated murine T helper lymphocytes: expression of interleukin-10 in interferon-gamma and in 
interleukin-4-expressing cells. Eur. J. Immunol 24 (5), 1097–1101. [PubMed: 7910138] 

Caruso A, Licenziati S, Corulli M, Canaris AD, De Francesco MA, Fiorentini S, Peroni L, Fallacara 
F, et al. , 1997. Flow cytometric analysis of activation markers on stimulated T cells and their 
correlation with cell proliferation. Cytometry. 27 (1), 71–76. [PubMed: 9000587] 

Chattopadhyay PK, Yu J, Roederer M, 2005. A live-cell assay to detect antigen-specific CD4+ T cells 
with diverse cytokine profiles. Nat. Med 11 (10), 1113–1117. [PubMed: 16186817] 

Crespo J, Sun H, Welling TH, Tian Z, Zou W, 2013. T cell anergy, exhaustion, senescence, 
and stemness in the tumor microenvironment. Curr. Opin. Immunol 25 (2), 214–221. [PubMed: 
23298609] 

DeWolf S, Grinshpun B, Savage T, Lau SP, Obradovic A, Shonts B, Yang S, Morris H, et al. , 2018. 
Quantifying size and diversity of the human T cell alloresponse. JCI Insight 3 (15).

Durlanik S, Loyal L, Stark R, Sercan Alp O, Hartung A, Radbruch A, von Herrath M, Matzmohr 
N, et al. , 2016. CD40L expression by CD4(+) but not CD8(+) T cells regulates antiviral immune 
responses in acute LCMV infection in mice. Eur. J. Immunol 46 (11), 2566–2573. [PubMed: 
27562840] 

Faint JM, Tuncer C, Garg A, Adams DH, Lalor PF, 2011. Functional consequences of human 
lymphocyte cryopreservation: implications for subsequent interactions of cells with endothelium. 
J. Immunother 34 (8), 588–596. [PubMed: 21904217] 

Frentsch M, Arbach O, Kirchhoff D, Moewes B, Worm M, Rothe M, Scheffold A, Thiel A, 2005. 
Direct access to CD4+ T cells specific for defined antigens according to CD154 expression. Nat. 
Med 11 (10), 1118–1124. [PubMed: 16186818] 

Frentsch M, Stark R, Matzmohr N, Meier S, Durlanik S, Schulz AR, Stervbo U, Jurchott K, et al. , 
2013. CD40L expression permits CD8+ T cells to execute immunologic helper functions. Blood. 
122 (3), 405–412. [PubMed: 23719298] 

Kreher CR, Dittrich MT, Guerkov R, Boehm BO, Tary-Lehmann M, 2003. CD4+ and CD8+ cells in 
cryopreserved human PBMC maintain full functionality in cytokine ELISPOT assays. J. Immunol. 
Methods 278 (1–2), 79–93. [PubMed: 12957398] 

Kutscher S, Dembek CJ, Deckert S, Russo C, Korber N, Bogner JR, Geisler F, Umgelter A, et 
al. , 2013. Overnight resting of PBMC changes functional signatures of antigen specific T- 
cell responses: impact for immune monitoring within clinical trials. PLoS One 8 (10), e76215. 
[PubMed: 24146841] 

Lapointe R, Bellemare-Pelletier A, Housseau F, Thibodeau J, Hwu P, 2003. CD40-stimulated B 
lymphocytes pulsed with tumor antigens are effective antigen-presenting cells that can generate 
specific T cells. Cancer Res 63 (11), 2836–2843. [PubMed: 12782589] 

Lindahl KF, Wilson DB, 1977. Histocompatibility antigen-activated cytotoxic T lymphocytes. II. 
Estimates of the frequency and specificity of precursors. J. Exp. Med 145 (3), 508–522. [PubMed: 
233899] 

Litjens NH, van de Wetering J, van Besouw NM, Betjes MG, 2009. The human alloreactive CD4+ 
T-cell repertoire is biased to a Th17 response and the frequency is inversely related to the number 
of HLA class II mismatches. Blood. 114 (18), 3947–3955. [PubMed: 19713464] 

Litjens NH, de Wit EA, Baan CC, Betjes MG, 2013. Activation-induced CD137 is a fast assay for 
identification and multi-parameter flow cytometric analysis of alloreactive T cells. Clin. Exp. 
Immunol 174 (1), 179–191. [PubMed: 23750604] 

Marino J, Paster J, Benichou G, 2016. Allorecognition by T lymphocytes and allograft rejection. Front. 
Immunol 7, 582. [PubMed: 28018349] 

Michalek J, Collins RH, Hill BJ, Brenchley JM, Douek DC, 2003. Identification and monitoring of 
graft-versus-host specific T-cell clone in stem cell transplantation. Lancet. 361 (9364), 1183–1185. 
[PubMed: 12686042] 

Tanimine et al. Page 11

J Immunol Methods. Author manuscript; available in PMC 2025 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Morris H, DeWolf S, Robins H, Sprangers B, LoCascio SA, Shonts BA, Kawai T, Wong W, et al. , 
2015. Tracking donor-reactive T cells: Evidence for clonal deletion in tolerant kidney transplant 
patients. Sci. Transl. Med 7 (272), 272ra10.

Nowak A, Lock D, Bacher P, Hohnstein T, Vogt K, Gottfreund J, Giehr P, Polansky JK, et al. , 
2018. CD137+CD154- expression as a regulatory T cell (Treg)-specific activation signature for 
identification and sorting of stable human Tregs from in vitro expansion cultures. Front. Immunol 
9, 199. [PubMed: 29467769] 

Ryser JE, MacDonald HR, 1979. Limiting dilution analysis of alloantigen-reactive T lymphocytes. I. 
Comparison of precursor frequencies for proliferative and cytolytic responses. J. Immunol 122 (5), 
1691–1696. [PubMed: 156218] 

Sanchez-Fueyo A, Markmann JF, 2016. Immune exhaustion and transplantation. Am. J. Transplant. 16 
(7), 1953–1957. [PubMed: 26729653] 

Schoenbrunn A, Frentsch M, Kohler S, Keye J, Dooms H, Moewes B, Dong J, Loddenkemper C, et 
al. , 2012. A converse 4–1BB and CD40 ligand expression pattern delineates activated regulatory 
T cells (Treg) and conventional T cells enabling direct isolation of alloantigen-reactive natural 
Foxp3+ Treg. J. Immunol 189 (12), 5985–5994. [PubMed: 23162126] 

Turka LA, Tanaka K, Kupiec-Weglinski JW, Milford EL, Tilney NL, Carpenter CB, 1989. In vivo 
activity of mixed lymphocyte response-generated suppressor cells and ability to prolong cardiac 
allograft survival in rats. Transplantation. 47 (2), 388–390. [PubMed: 2521965] 

Wang J, Ioan-Facsinay A, van der Voort EI, Huizinga TW, Toes RE, 2007. Transient expression 
of FOXP3 in human activated nonregulatory CD4+ T cells. Eur. J. Immunol 37 (1), 129–138. 
[PubMed: 17154262] 

Wang L, Huckelhoven A, Hong J, Jin N, Mani J, Chen BA, Schmitt M, Schmitt A, 2016. 
Standardization of cryopreserved peripheral blood mononuclear cells through a resting process 
for clinical immunomonitoring–development of an algorithm. Cytometry A. 89 (3), 246–258. 
[PubMed: 26848928] 

Wang T, Chen L, Ahmed E, Ma L, Yin D, Zhou P, Shen J, Xu H, et al. , 2008. Prevention of allograft 
tolerance by bacterial infection with Listeria monocytogenes. J. Immunol 180 (9), 5991–5999. 
[PubMed: 18424719] 

Wilson DB, Blyth JNP, 1968. Quantitative studies on the mixed lymphocyte interaction in rats. 3. 
Kinetics of the response. J. Exp. Med 128 (5), 1157–1181. [PubMed: 5682942] 

Wolfl M, Kuball J, Ho WY, Nguyen H, Manley TJ, Bleakley M, Greenberg PD, 2007. Activation-
induced expression of CD137 permits detection, isolation, and expansion of the full repertoire of 
CD8+ T cells responding to antigen without requiring knowledge of epitope specificities. Blood. 
110 (1), 201–210. [PubMed: 17371945] 

Zand MS, Bose A, Vo T, Coppage M, Pellegrin T, Arend L, Lee FE, Bozorgzadeh A, et al. , 2005. 
A renewable source of donor cells for repetitive monitoring of T- and B-cell alloreactivity. Am. J. 
Transplant. 5 (1), 76–86. [PubMed: 15636614] 

Tanimine et al. Page 12

J Immunol Methods. Author manuscript; available in PMC 2025 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
T cells derived from cryopreserved PBMC have high basal levels of early activation markers. 

Cryopreserved PBMCs were thawed and rested in 10% human AB serum containing RPMI 

(10%RPMI) and serum-free medium (AIM-V) with anti-CD154 labeling antibody. The 

expression of CD154 and CD69 in CD4+ T cells (A) and CD137 and CD69 in CD8+ T cells 

(B) were quantified at indicated times before and during resting. Line plots show the percent 

of CD4+ (A) or CD8+ (B) T cells that are positive for markers, alone or in combination 

(mean +/− s.d.). Data are representative of PBMCs from 6 different donor samples in 2 

independent experiments.
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Fig. 2. 
Using the combination of CD69 and CD154 reduces the number of responder cells 

considered to be activated following autologous cell culture. Mixed lymphocyte reactions 

were performed with responders without resting (No rest) and after resting for 1 day (1 

day rested) against autologous stimulators for 12 h. Representative dot plots indicate the 

expression of CD69 and CD154 on CD4+ responder T cell gated by exclusion of CFSE 

stained stimulators and dump (CD14+, CD16+, and CD19+) cells. The number indicates 

% of cells in each quadrant gate. Line plots show the proportion of CD154+CD69+ in 

CD4+ responder T cells from 5 different reactions in 2 independent experiments. Statistical 

analyses were performed by paired t-test. P values below 0.05 were considered significant.
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Fig. 3. 
Activation of stimulator cells prior to inclusion in MLR increases their surface expression 

of class I and class II HLA molecules. Representative dot plots show the gating strategy for 

analyzing B cells (CD19+) and potential antigen presenting cells, monocytes & dendritic 

cells (DCs, higher forward and side light scatter). Histograms depict the expression of HLA 

class I (ABC), II (DR), and CD86 on activated (solid) and non-activated (dash) stimulator 

cell subsets as compared to staining with isotype-matched control (grey filled). Data are 

representative of 3 independent experiments.
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Fig. 4. Time dependent detection of CD4+ and CD8+ alloreactive T cells.
(A) Allogeneic or autologous stimulator PBMCs (S) are pre-activated with hCD40L + hIL-4 

for 2 days, labeled with CFSE, and irradiated prior to MLR. Responder PBMCs (R) are 

rested 1 day rested prior to MLR. MLR are established by incubating R and S at a 1:1 ratio 

for 12–36 h as indicated in Results and Figure Legends. Fluorescently tagged anti-CD154 

antibody was added to the culture media through the stimulation period. (B) Representative 

dot plots show the gating strategy to exclude CFSE stimulators and non-T cells from the 

analyzed CD4+ and CD8+ responder T cells (top row). Representative dot plots show the 

expression of CD69 and CD154/CD137 on CD4+ (bottom left 2 panels) and CD8+ (bottom 

right 2 panels) T cells, respectively, following culture with autologous stimulators (self) and 

allogeneic stimulator (allo). Numbers in panels indicates %double positive CD4+ or CD8+ 

T cells (CD69 + CD154+ or CD69 + CD137+, respectively, mean ± s.d.). (C) Line plots 

indicate the percent of CD4+ (left) and CD8+ (right) reactive T cells over time following 
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autologous stimulation (self, dotted line) and allogeneic stimulation (allo, solid line). Data 

from >6 reactions in 2 independent experiments (mean ± s.d.).
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Fig. 5. 
TCR Vb usage in CD4+ and CD8+ alloreactive T cells. As detailed in Fig. 4, one-day 

rested PBMC responders were incubated for 14 h with CFSE-labeled allogeneic stimulators 

pre-stimulated with CD40L and IL-4. (A). Representative gating strategy carried out to 

identify allo-reactive (solid line) and non-alloreactive cells (dashed line). Dumpneg (CFSE, 

CD14, CD16, CD19) live CD3+CD4+ or CD3+ CD8+ cells were gated on expression of 

CD69/CD154 or CD69/CD137 activation markers, respectively. Quadrants provided the 

absolute numbers of cells (mean ± S.D.). (B). Frequencies (% of Vb+ cells/ total cell 

number) of TCR Vbeta usage among alloreactive (open bars) and non-alloreactive CD4+ and 

CD8+ T cells (filled bars). Each dot represents the average of 3 independent experiments 

done on a single responder/stimulator pair.

Tanimine et al. Page 18

J Immunol Methods. Author manuscript; available in PMC 2025 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Activating stimulators prior to MLR enhances detection of alloreactive T cells in vitro. The 

proportion of CD4+ (CD154 + CD69+) and CD8+ (CD137 + CD69+) T cells that were 

reactive to allogeneic (A) or autologous (B) PBMCs after 12 h of co-culture. Stimulators 

were pre-activated for 2-days with CD40L and human rIL-4. (A) As compared to non-

activated stimulators (Resting, n = 12), activated stimulators (Activated, n = 28) significantly 

increased detection of CD4+ and CD8+ alloreactive T cells. (B) Control experiments with 

autologous S/R pairs (self) show that the percentage of activated responder CD4+, but 

not CD8+ T cells, is increased following stimulation by activated autologous PBMCs 

(Activated, n = 12) in comparison with non-activated (Resting, n = 6). Vertical bars indicate 

the mean % ± s.d. of indicated proportion.
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Fig. 7. The number of HLA mismatches between stimulator and responder cells increase 
detection of CD4+ alloreactive T cells, but not for CD8+ T cells.
(A) The proportion of alloreactive CD4+ (CD154 + CD69+) and (B) CD8+ (CD137 + 

CD69+) T cells was assessed following a 12 h MLR with randomly paired PBMCs (total n 
= 60) and categorized by the number of HLA mismatches present at HLA-DR and class I (A 

and B) loci. Data are presented from 4 independent experiments. Vertical bars indicate the 

mean % ± s.d. of alloreactive T cells.
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Fig. 8. 
Kinetic expression of T cell surface markers following stimulation. PBMCs were rested for 

2 days, then cultured with CD3/CD28 beads at 1:1 cell to bead ratio for indicated periods 

of time. T cells were then assessed for expression of various surface markers by flow 

cytometry. Data were obtained on CD4+ (top row) and CD8+ (bottom row) followed by live 

CD3+ gate. Patterns of expression kinetics over time were categorized into (A) increasing 

over time (PD-1, TIM-3, LAG-3, TIGIT and CTLA-4) (B) decreasing over time (CD244, 

CD28, CD127, CD62L), and (C) stable over time (CCR7, KLRG1, CD57, CD45RA and 

CD45RO) according to their expression profile. Vertical bars indicate the mean % ± s.d. of 

positive cells based on isotype matched control.
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Fig. 9. FOXP3+ T cells accumulate within the CD137 + CD154- CD4+ T cell subset.
(A) Representative dot plots show CD154 and CD134 expression on CD4+ T cells co-

cultured with activated allogeneic stimulator cells for 12 h (left) and 36 h (middle). Line 

plot (right) depicts the mean % of CD137 + CD154negCD4+ T cells over time. Vertical 

bars represent s.d. (B) Representative histograms show the FOXP3 expression on CD137 + 

CD154negCD4+ T cells (solid line), CD137negCD154neg CD4+ T cells (dashed line), and 

CD8+ T cell (grey filled, negative control) at 12 h (left) and 36 h (middle). Numbers indicate 

the %FOXP3+ in CD137 + CD154negCD4+ T cells and (in CD137negCD154neg CD4 + 

T cells), respectively. Line plots show the mean %FOXP3+ in indicated populations (B, 

right) and %FOXP3 + CD137 + CD154neg in total CD4+ T cells (C) following allogeneic 

stimulation. Vertical bars represent s.d. Statistical analysis shown only on significant data 

(*P < 0.05, ** P < 0.005 and *** P < 0.001, One way ANOVA followed by Tukey multiple 

comparison).
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