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Abstract

Detection of antigen-specific CD4+ T cells is central to the study of many human infectious 

diseases, vaccines, and autoimmune diseases. However, such cells are generally rare and 

heterogeneous in their cytokine profiles. Identification of antigen-specific germinal center (GC) T 

follicular helper (Tfh) cells by cytokine production has been particularly problematic. The 

function of a GC Tfh cell is to selectively help adjacent GC B cells via cognate interaction; thus, 

GC Tfh cells may be ‘stingy’ cytokine producers, fundamentally different than Th1 or Th17 cells 

in the quantities of cytokines produced. Conventional identification of antigen-specific cells by 

intracellular cytokine staining (ICS) relies on the ability of the CD4+ T cell to generate substantial 

amounts of cytokine. To address this problem, we have developed a cytokine-independent 

activation induced marker (AIM) methodology to identify antigen-specific GC Tfh cells in human 

lymphoid tissue. Whereas Group A Streptococcus (Strep)-specific GC Tfh cells produced minimal 

detectable cytokines by ICS, the AIM method identified 85-fold more antigen-specific GC Tfh 

cells. Intriguingly, these GC Tfh cells consistently expressed programmed death ligand 1 (PD-L1) 

upon activation. AIM also detected non-Tfh cells in lymphoid tissue. As such, we applied AIM for 

identification of rare antigen-specific CD4+ T cells in human peripheral blood. Dengue-, 

tuberculosis-, and pertussis-vaccine-specific CD4+ T cells were readily detectable by AIM. In 

sum, cytokine assays missed 98% of antigen-specific human GC Tfh cells, reflecting the biology 

of these cells, which could instead be sensitively identified by co-expression of TCR-dependent 

activation markers.
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 INTRODUCTION

Germinal center T follicular helper cells (GC Tfh) are key drivers needed to generate a 

germinal centers (GC) (1). Within the GC are resident GC B cells, which have the capacity 

to become memory B cells and plasma cells with proper instruction (2). GC Tfh cells 

instruct neighboring GC B cells to undergo class switch recombination and affinity 

maturation. These cells can then differentiate into memory B cells and plasma cells with the 

capacity to produce affinity matured class-switched immunoglobulins. The instruction 

received by the GC B cells arises from interactions with receptors on antigen-specific GC 

Tfh cells and cytokines produced by these cells. Receptors for cognate GC Tfh/GC B cell 

interactions include: PD-1/PD-L1, ICOS/ICOSL, CD40/CD40L, SLAM family receptors, 

and OX40/OX40L (3). IL-21, IL-4, and CXCL13 are the canonical secreted molecules of 

Tfh help to B cells(4-9).

Tfh cells have been associated with protective roles in human infectious disease (9, 10), 

vaccines (11, 12), and cancer (13, 14). Thus, quantifying and understanding these cells is 

important for biomedical research. In infections, antigen-specific GC Tfh cells are necessary 

to provide appropriate instruction to GC B cells for the development of T-dependent 

neutralizing or opsonizing antibodies. However, detection of antigen-specific GC Tfh cells 

has been very difficult (15). This appears to be related to GC Tfh cells producing little 

cytokine. This problem likely stems from the intrinsic biology of a GC Tfh cell, which is to 

instruct GC B cells in directly physical contact, therefore not requiring large amounts of 

cytokine production. Repeated and cyclical interaction with antigen-specific GC Tfh fuels 

the selection of GC B cells with affinity matured B cell receptors, but this evolutionary 

selection process can only occur if the GC Tfh cell help is selective, and thus a GC Tfh cell 

bathing an entire germinal center in cytokines would likely be counterproductive.

Germinal centers only exist in lymphoid tissues and tertiary lymphoid structures. GC B cells 

and GC Tfh cells are not present in peripheral blood. Accordingly, germinal center biology 

must be studied utilizing lymphoid tissue. Human tonsil serves as an accessible lymphoid 

tissue to study human Tfh and GC responses. We therefore explored approaches to identify 

human tonsillar antigen-specific GC Tfh cells. In doing so, we developed a cytokine 

independent method (AIM) for detection of Ag-specific GC Tfh cells. Using the AIM 

methodology, we determined that conventional cytokine staining missed 98% of human 

antigen-specific GC Tfh cells. We further determined that AIM is a highly sensitive 

technique valuable for detecting human CD4+ T cells specific for a range of viral and 

bacterial antigens.

 MATERIALS AND METHODS

 Human Samples

Fresh tonsils were obtained from pediatric donors undergoing tonsillectomy at Rady 

Children's Hospital or the Naval Medical Center. Informed consent was obtained from all 

donors under protocols approved by the institutional review boards (IRBs) of the University 

of California, San Diego, the La Jolla Institute for Allergy and Immunology (LJI), and the 

Naval Medical Center. Tonsillar mononuclear cells were obtained by homogenizing the 
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tissue using a wire mesh, passage through a cell strainer, and isolation via Ficoll density 

gradient using Histopaque 1077 (Sigma-Aldrich, St. Louis, MO). For the dengue studies, 

peripheral blood was obtained from the National Blood Center, IRBs of both LJI and the 

Medical Faculty, University of Colombo (16). For the Mtb studies, healthy controls or 

individuals with latent TB were obtained from the University of California, San Diego 

Antiviral Research Center clinic. LTBI status was confirmed by a positive IFNγ release 

assay (IGRA; QuantiFERON-TB Gold In-Tube, Cellestis or T-SPOT.TB, Oxford 

Immunotec) and healthy controls all had a negative IGRA. None of the subjects had received 

a Bacillus Calmette-Guérin (BCG) vaccination. For the pertussis studies, individuals that 

were originally primed with either acellular Pertussis (aP) or whole cell Pertussis vaccine 

were from San Diego, California. A subset of these donors was boosted with aP within 3 

months of donation. Informed consent was obtained from all donors and approved by the 

IRB at LJI. All individuals included in the EBV/CMV studies were assumed to have been 

exposed to one or both of these viruses.

 PBMC isolation

PBMCs were isolated by density gradient centrifugation, according to manufacturer's 

instructions. Cells were suspended in fetal bovine serum containing 10% dimethyl sulfoxide, 

and cryopreserved in liquid nitrogen.

 Serology

DENV seropositivity was determined by dengue IgG ELISA as previously described (17). 

Flow cytometry-based neutralization assays were performed for further characterization of 

seropositive donors, as previously described (18). Neutralization assays determined that all 

DENV donors included in this study have experienced infection with more than one 

serotype.

 Peptides

Peptides were synthesized by A and A (San Diego) as crude material on a 1 mg scale. 

Individual peptides were resuspended in DMSO and equal amounts of each peptide were 

pooled to construct peptide pools. The pools used in this study were DENV (32 peptides, 

previously defined epitopes (16)), ESAT-6 (22 peptides, 15-mers overlapping by 10 and 

optimal epitopes (19)), CFP10 (21 peptides, 15-mers overlapping by 10 and optimal epitopes 

(19), EBV/CMV (122 previously defined epitopes (20)), and pertussis (132 previously 

defined epitopes, manuscript under review). ESAT-6 and CFP10 proteins are specific for the 

M. tuberculosis complex which includes M. bovis but not the BCG vaccine which has the 

region encoding ESAT-6 and CFP10 deleted (36). To minimize DMSO concentrations, the 

resulting peptide pools of more than 100 peptides were then lyophilized and resuspended in 

DMSO.

 Intracellular Cytokine Staining

Cryopreserved tonsillar cells were thawed and cultured in serum free AIM-V media (Life 

Technologies, Grand Island, NY) overnight for 18 hours. Cells were stimulated with 10 

μg/mL heat inactivated antibiotic-killed Group A Streptococcus, strain 5448. Four hours 
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prior to staining, cells were incubated with 10 μg/mL brefeldin A. As a positive control, cells 

were stimulated with 25ng/mL PMA and 1 μg/mL ionomycin in the presence of brefeldin A 

for 4 hours.

 Flow Cytometry

Cells were labeled with fixable viability dye eFluor 780 or eFluor 506 (eBioscience). FACS 

panels used for the AIM assay are detailed in Supplementary Table 1. Anti-human 

antibodies for surface staining are listed here, by company: eBiosciences, San Diego, CA: 

CD19 e780 (clone HIB19), CD14 e780 (clone 61D3), CD16 e780 (clone eBioCB16), CD8 

e780 (clone RPA-T8), CD3 AF700 (clone UCHT1), CD4 APC, FITC or APCe780 (clone 

RPA-T4), CXCR5 APC (clone MU5UBEE), CD25 PE and PE-Cyanine 7 (clone BC96), 

PD-1 PE-Cyanine 7 (clone eBioJ105), CD45RA e450 (clone HI100); Biolegend, San Diego, 

CA: CD4 BV650 (clone OKT4), CD8a BV650 (clone RPA-T8), OX40 PECy7 (clone Ber-

ACT35), CD45RA BV570 (clone HI100), PD-1 BV785 (clone EH12.2H7), PD-L1 PE 

(clone 29E.2A3), CCR7 PerCPCy5.5 (clone G043H7); BD Biosciences, Franklin Lake, NJ: 

CD8a V500 (clone RPA-T8), CD45RA PE-CF594 (clone HI100), CXCR5 BV421 (clone 

RF8B2), CD19 V500 (clone HIB19), CD14 V500 (clone M5E2), CD25 FITC (clone M-

A251), (BD Biosciences, Franklin Lake, NJ). Intracellular cytokine antibodies used 

included: TNF AF488 (clone MAb11), CD40L PerCP-e710 (clone 24-31), IFNγ PE-

Cyanine7 (clone 4S.B3), IL-21 PE (clone eBio3A3-N2), IL-10 PE (clone JES3-9D7), IL-4 

PE-Cyanine7 (clone 8D4-8), IL-17F PerCP-eFluor 710 (clone SHLR17) (eBioscience) and 

IL-13 APC (clone JES10-5A2) (BioLegend). The tetramer used was DRB5*01:01 

CFP1052-66 conjugated using PE-labeled streptavidin (Tetramer Core Laboratory, Benaroya 

Research Institute, Seattle WA). Cells were acquired on a BD Fortessa or BD LSRII and 

analyzed using FlowJo Software, version 9.8 to tonsils and FlowJo Software, version 10 for 

PBMCs.

 Cellular Proliferation

Cryopreserved tonsillar cells were thawed and cultured in RPMI medium containing 10% 

Human AB serum (Gemini Bio-products, West Sacramento, CA). As a positive control, cells 

were stimulated with 100 ng/mL staphylococcal enterotoxin B (Toxin Technology, Sarasota, 

FL). For antigen-specific proliferation, cells were stimulated with Streptolysin O, which had 

been previously heat inactivated at 65°C for 20 minutes (Sigma, St. Louis, MO). Cells were 

labeled with Cell Trace Violet (Thermo Scientific, Waltham, MA) and cultured for 96 hours 

in medium supplemented with 4ng/mL IL-7 (Peprotech, Rocky Hill, NJ). Cells were labeled 

with fixable viability dye eFluor 780 (eBioscience). Tonsils were sorted using BD FACSAria 

III to isolate GC Tfh cells (Live CD19−, CD14−, CD16−, CD8a, 

CD4+CD45RA−CXCR5hiPD-1hi), mTfh cells (Live CD19−, CD14−, CD16−, CD8a, 

CD4+CD45RA−CXCR5+PD-1+), and non-Tfh cells (Live CD19−, CD14−, CD16−, CD8a, 

CD4+CD45RA−CXCR5−). Sorted cells were incubated at a 1 CD4+ T cell : 1 APC ratio 

with irradiated autologous lymphoblastoid cell lines created from each donor tonsil as APCs. 

Cells were cultured for 96 hours and acquired on BD Fortessa.
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 Activation Induced Marker Assay

Cryopreserved tonsillar cells were thawed and cultured in serum free AIM-V media (Life 

Technologies, Grand Island, NY) overnight for 18 hours. Cells were stimulated with 10 

μg/mL heat inactivated antibiotic-killed Group A Streptococcus, strain 5448. As a positive 

control, cells were stimulated with 1 μg/mL staphylococcal enterotoxin B (Toxin 

Technology, Sarasota, FL). Cells were cultured for 18 hours and acquired on BD Fortessa. 

PBMCs were thawed and cultured in complete RPMI 1640 with 5% human AB serum 

(Gemini Bioproducts) for 24 hours. Cells were stimulated with 2 μg/mL peptide pools or 10 

μg/mL PHA.

 ELISPOT Assays

Ex vivo IFNγ ELISPOT assays was used for Mtb peptide pools as previously described (21). 

Responses were considered positive if the net spot-forming cells (SFC) per 106 were ≥20, 

the stimulation index ≥2, and p≤0.05 (Student's t-test, mean of triplicate values of the 

response against relevant pools vs. the DMSO control). For pertussis, PBMCs were cultured 

for in vitro expansion by incubating in RPMI 1640 supplemented with 5% human AB serum 

(Gemini Bioscience), GlutaMAX (Gibco), and penicillin/streptomycin (Omega Scientific) at 

2 × 106 per mL in the presence of individual pertussis antigens; FHA (Reagent Proteins), 

PRN (Reagent Proteins), formaldehyde fixed pertussis toxin (‘PT’, Reagent Proteins), and 

Fim2/3 (List Biological Labs), each at 5 μg/mL. Every 3 days, 10 U/ml IL-2 in media were 

added to the cultures. After 14 days of culture, responses to peptides was measured by IFNγ 

and IL-5 dual ELISPOT as previously described (22). To be considered positive, response 

had to fulfill all three criteria described above.

 Statistics

Comparisons between groups were made using the Mann-Whitney U test. Prism 5.0 

(GraphPad) was used for all these calculations.

 RESULTS

 Detection of antigen-specific human GC Tfh cells by intracellular cytokine production

To identify antigen-specific GC Tfh cells within tonsils, we tested for expression of different 

cytokines by intracellular cytokine staining (ICS). Antigen-experienced CD4+ T cells within 

lymphoid tissue were categorized as GC Tfh (CD4+CD45RA−CXCR5hiPD-1hi), follicular 

mantle Tfh (mTfh. Also known as Tfh or pre-Tfh. CD4+CD45RA−CXCR5+PD-1+), and 

non-Tfh or effector cells (CD4+CD45RA−CXCR5−) (Fig. 1A). One ubiquitous pathogen is 

Group A Streptococcus (Strep), which is the etiologic agent for strep throat. Given the 

prevalence of strep throat within the pediatric population and about 10-15% asymptomatic 

carriage rate in healthy children, we reasoned that essentially all individuals have been 

exposed to this pathogen (23-26). We thus tested for production of IL-21 following 

stimulation with whole heat inactivated antibiotic-killed Group A Streptococcus (Strep). 

Very few cells produced detectable IL-21 following stimulation with Strep (median < 0.1%, 

Fig. 1A); and the IL-21 MFI was close to the limit of detection, which was insufficient to 

allow for confident identification of Strep-specific GC Tfh cells. This is similar to other 
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studies in which antigen-specific GC Tfh responses have been difficult to identify via IL-21 

production (15, 27). Strep-specific TCR stimulation did not increase IL-4 production (data 

not shown). We then tested other cytokines, including TNF, CD40L, IFNγ, IL-13, IL-17, and 

IL-10 (Fig. 1B and 1C). There was minimal IFNγ, IL-13, IL-17, and IL-10 expression by 

GC Tfh cells in response to antigen stimulation (Supplementary Fig. 1), consistent with 

previous observations that GC Tfh cells produced minimal Th1, Th2, or Th17 cytokines 

upon strong PMA/Ionomycin stimulation (8, 28, 29). Basal levels of CD40L were high and 

heterogenous from donor to donor, making identification of antigen-specific cells based on 

CD40L alone infeasible. Intracellular co-staining for TNF and CD40L upregulation 

identified Strep-specific GC Tfh cells better than any other cytokine or combination of 

cytokine plus intracellular CD40L (Fig. 1B). Nevertheless, only 0.053% of GC Tfh cells 

were Strep-specific based on TNF and CD40L upregulation. These data prompted us to 

conclude that cytokine production may significantly underestimate antigen-specific GC Tfh 

cell frequencies and prompted us to explore cytokine-independent approaches to identify 

antigen-specific human GC Tfh cells.

 Detection of antigen-specific GC Tfh cells by cellular proliferation

We next sought to identify antigen-specific GC Tfh cells by proliferation. GC Tfh cells are 

not end-stage differentiated cells. GC Tfh cells can migrate within and between germinal 

centers (30), proliferate (31-33), and become memory cells (1, 32, 34-36). Maintenance in 

the GC Tfh state requires TCR triggering by surrounding GC B cells as well as 

costimulation by other activation markers. We therefore assessed GC Tfh proliferation 

following a 96-hour culture of Cell Trace Violet (CTV) labeled tonsillar cells in the presence 

or absence of SEB. We were able to identify SEB-responsive cells based on proliferative 

responses within the GC Tfh (CD4+CD45RA−CXCR5hiPD-1hi), mTfh 

(CD4+CD45RA−CXCR5intPD-1int), and non-Tfh populations (CD4+CD45RA−CXCR5−) 

(Fig. 2A). Interestingly, proliferating SEB-responsive cells upregulated CD25 (IL-2Rα) and 

OX40 (Fig. 2B). OX40 participates in GC Tfh:GC B cell cognate interactions, and thus may 

be expected to be upregulated in response to antigen stimulation in GCs. However, CD25 

upregulation was surprising because CD25 expression has been shown to be quite low on 

differentiating Tfh cells (37, 38) and IL-2 has been shown to inhibit Tfh differentiation both 

in mice and humans (39-42). Human GC Tfh cells express low amounts of CD25 ex vivo 
(Supplementary Figure 2). We speculate that either supraphysiological quantities of 

peptide:MHC complex in vitro drive CD25 expression in these restimulation conditions that 

would not be induced in vivo, or negative feedback loops exist in vivo to prevent high CD25 

expression but those mechanisms are not present in vitro.

Because CD4+ T cells could potentially change phenotype during the 18 hour in vitro 
culture, we sought to determine whether the proliferating SEB-responsive cells identified as 

CXCR5hiPD-1hi after proliferation were truly GC Tfh cells. To establish that we were 

observing proliferating GC Tfh cells after 96 hours in culture, separate GC Tfh, mTfh, and 

non-Tfh cell cultures were required. We created autologous lymphoblastoid cell lines (LCL) 

for each tonsil donor as antigen presenting cells. GC Tfh, mTfh, and non-Tfh cells were 

FACS sorted from donors and cultured with autologous LCL in the presence or absence of 

SEB. Proliferating GC Tfh cells highly upregulated both CD25 and OX40 in response to 
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SEB, a potent TCR stimulus (Fig. 2C). CD25 and OX40 were also upregulated on SEB 

responsive mTfh and non-Tfh cells (Fig. 2C). Thus, antigen-specific GC Tfh could 

potentially be identified by proliferation in response to antigen. We observed extensive SEB-

responsive proliferation in the GC Tfh sorted populations, as the LCLs had much improved 

antigen presenting capacity over primary B cells. Moreover, small quantities of IL-7 were 

added to enhance survival during culture, at a concentration which does not promote T cell 

proliferation. Subsequent CTV proliferation experiments with whole Strep, heat-inactivated 

Streptolysin O (a serodiagnostic marker for recent Strep infection), or diphtheria CRM197 

were unable to consistently identify GC Tfh cells by proliferation due to variable low level 

nonspecific proliferation (data not shown).

 Detection of antigen-specific GC Tfh cells by activation marker induction

Tfh help is the primary positive selection step in a GC (1, 2). Tfh cells selectively provide 

help to the B cells with the most antigenic peptides, which are the high affinity B cells that 

have bound and endocytosed the most antigen (43, 44). The amount of help provided by the 

Tfh cell directly translates to the number of cell divisions and mutations a GC B cell will 

undergo in the dark zone in a single selection cycle (45, 46). One of the functional 

challenges for Tfh cells in GCs is that they are constantly exposed to antigen. They must 

therefore be able to distinguish between GC B cells with modest differences in their 

numbers of peptide:major histocompatibility complexes (p:MHC) and respond by providing 

help preferentially to the cognate B cells presenting more p:MHC complexes. Thus, we 

hypothesized that while GC Tfh cells retain sensitive TCR signaling, the outcome of the 

TCR detection of cognate antigen is not reflected by cytokine production, as GC Tfh cells 

may only produce infinitesimal quantities of cytokine necessary to signal the GC B cell in 

synaptic contact. We therefore explored whether changes in expression of proteins other than 

cytokines might be more consistent indicators of TCR signaling by GC Tfh cells. Based on 

our observation that proliferating GC Tfh cells upregulate OX40 and CD25 in vitro, we 

sought to determine if CD25 and OX40 were consistently upregulated on antigen-specific 

GC Tfh cells in response to TCR stimulation at more proximal time points. Following an 18-

hour SEB stimulation, we observed a clear and robust population of CD25+OX40+ GC Tfh 

cells, consistent with the expected frequency of cells expressing SEB-reactive TCRβ chains 

(Fig. 3B). Each tonsil varied in the frequency of CD25+OX40+ GC Tfh cells observed after 

18 hours in vitro in the absence of exogenous antigen, with a mean of 4.1%. We speculated 

that the CD25+OX40+ GC Tfh cells observed in the absence of exogenous antigen were 

responding to antigen presented by GC B cells and other APCs in the in vitro culture, as 

each tonsil contains antigen (Supplementary Fig. 3A). SEB stimulation of GC Tfh cells from 

14 donors yielded a mean frequency of 44% CD25+OX40+ SEB-responsive GC Tfh cells 

(Fig 3C). (At a concentration of 1μg/mL, SEB stimulates proliferation of lower affinity TCR 

Vβ families (47).) Thus, CD25 and OX40 were reproducible indicators of GC Tfh cell TCR 

stimulation.

We next tested whether Strep-specific GC Tfh cells could be detected by CD25 and OX40 

expression after stimulation with Strep antigen. Upon stimulation, we observed a robust 

Strep-specific GC Tfh cell population based on CD25+OX40+ co-expression (Fig. 3D). This 

activation induced marker assay (AIM) detected Strep-specific GC Tfh cells at a mean 
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frequency of 4.53% (Fig 3D). In contrast, ICS yielded a mean frequency of only 0.053% 

Strep-specific GC Tfh cells (TNF+CD40L+, Fig. 3D. Background signal present in 

unstimulated samples were subtracted in all cases.) The CXCR5hiPD-1hi cells detected by 

AIM were GC Tfh cells, as sorting of GC Tfh cells and mTfh cells followed by Strep 

stimulations showed that the CXCR5 and PD-1 expression profiles of each cell type were 

maintained after activation (Fig 3F). The AIM method provided, on average, an 85-fold 

improvement in sensitivity for quantifying Strep-specific cells GC Tfh cells. Thus, cytokine-

dependent identification missed > 98% of antigen-specific GC Tfh cells.

In a separate study, RNAseq analysis of rhesus macaque (Macaca mulatta) lymph node GC 

Tfh cells revealed that programmed death 1 molecule ligand (PD-L1) was robustly induced 

upon TCR stimulation (48). We therefore examined whether PD-L1 was upregulated on 

antigen-specific GC Tfh cells upon Strep antigen stimulation or SEB stimulation. Similar to 

CD25+OX40+ co-expression, we observed a population of CD25+PD-L1+ GC Tfh cells after 

either Strep or SEB stimulation (Fig. 3E). PD-L1 expression was present on 95.7% of Strep-

specific GC Tfh cells expressing CD25+OX40+ (Fig. 3E). PD-L1 thus functions as a TCR 

signaling output following antigen-specific GC Tfh cells stimulation; and PD-L1, OX40, and 

CD25 are interchangeable for identification of responding GC Tfh cells.

After establishing a highly sensitive method to detect antigen-specific GC Tfh cells, we next 

wanted to assess the ability of the AIM assay to identify Strep-specific mTfh and non-Tfh. 

As with GC Tfh cells, we found CD25, OX40, and PD-L1 expression on Strep-specific 

mTfh and non-Tfh cells upon stimulation with Strep antigen (Fig. 4). Strep-specific non-Tfh 

cells or effector cells (CD4+CD45RA−CXCR5−) could be identified by the AIM assay as 

either CD25+OX40+ (Fig. 4A and C) or CD25+PD-L1+ (Fig. 4B and D). Thus, the cell 

surface proteins CD25, OX40, and PD-L1 appear to be activation markers expressed by 

antigen-specific human CD4+ T cells, independent of whether the cells were GC Tfh cells. 

Therefore, the AIM assay may be of practical utility for identifying antigen-specific CD4+ T 

cells in lymphoid tissue, independent of abundant production of a given cytokine.

 AIM detects antigen-specific CD4 T cells in human peripheral blood

We identified CD25, OX40, and PD-L1 as TCR activation-dependent markers of antigen-

specific human GC Tfh cells. Independently, CD25+OX40+ co-expression was explored for 

detection of memory CD4 T cells to EBV/CMV and Mycobacterium tuberculosis (Mtb) in 

human peripheral blood (49, 50). Those studies frequently used ~48 hour stimulation 

periods, which may allow sufficient time for significant T cell proliferation or death, thus 

skewing the quantitation of responding T cells. Additionally, 50% of latent Mtb (LTBI) 

cases, which are known to respond to Mtb antigens in the QuantiFERON-TB Gold assay, 

failed to be detected upon stimulation with IGRA antigens in one study (49). Here, using 

AIM, we identified EBV/CMV-specific CD4+ T cells in PBMCs from healthy individuals 

presumed seropositive for either virus using previously defined EBV and CMV Class II 

epitopes (16) (Fig. 5A). We assessed the ability of AIM to detect tuberculosis-specific CD4+ 

T cells using M. tuberculosis (Mtb)-specific proteins CFP10 and ESAT-6. ESAT-6 and 

CFP10 are Mtb-specific proteins utilized in the QuantiFERON-TB Gold clinical test to 

determine previous exposure to Mtb (35). Healthy controls (QuantiFERON-TB Gold 
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negative) were compared to individuals with latent tuberculosis (LTBI) who are by definition 

QuantiFERON-TB Gold positive. In an IFNγ ELISPOT assay, PBMCs from most LTBI 

individuals produced IFNγ in response to both ESAT-6 and CFP10 (Fig. 6A). In the AIM 

assay, PBMCs from LTBI individuals had a 14.5-fold increase in the % CD25+OX40+ 

memory CD4+ T cells after stimulation with ESAT-6, and a nearly 40-fold increase after 

stimulation with CFP10 compared to healthy controls, (p = 0.027 and p < 0.0001, 

respectively)(Fig. 6B). Of interest, 100% of LTBI donors were detected as positive by AIM 

using CFP10, in contrast to ELISPOT (Fig. 6B). Identification of Mtb-specific and EBV/

CMV-specific CD4+ T cells by AIM was specific for antigen-experienced CD4+ T cells (Fig 

5A and 6B). Notably, background noise in the AIM assay was very low when using PBMCs 

(Fig. 5A, 6B), in contrast to antigen-containing tonsillar tissue (Fig. 2B, 3B), consistent with 

the ‘background signal’ in tonsils being due to an antigen-specific CD4+ T cells responding 

to antigens in tonsil, given that tonsils are a sentinel tissue. There was also undetectable 

bystander activation in the PBMCs, as there was no upregulation of CD25+OX40+ on CD8+ 

T cells or naive CD4+ T cells (Fig. 5A, 7, and 8A).

We performed a test of AIM specificity utilizing an Mtb-specific Class II tetramer (HLA 

DRB5*01:01 CFP1052-66 tetramer). The HLA DRB5*01:01 latent tuberculosis donor 

selected was found to have a very strong Mtb-specific CD4+ T cell response by AIM (17%; 

Fig. 6B), and was also EBV/CMV+ (4% EBV/CMV+ CD4+ T cells, Fig 5A). When PBMC 

from the HLA DRB5*01:01 Mtb+EBV/CMV+ donor were stimulated with the EBV/CMV 

peptide pool and then stimulated with the Mtb tetramer, the Mtb-tetramer specific CD4+ T 

cells showed no evidence of bystander activation (Fig. 5B and 5C). Thus, the AIM method 

specifically detects antigen-specific CD4+ T cells.

We then sought to assess the applicability of AIM for identifying dengue-specific CD4+ T 

cells or rare pertussis vaccine specific memory CD4+ T cells in peripheral blood. We first 

focused on identifying dengue virus-specific CD4+ T cell responses using PBMCs from 

healthy individuals from a highly endemic area who were either seropositive (DENV+) or 

seronegative (DENV−) for prior dengue viral infection. High frequencies of dengue-specific 

CD4+ T cells have been correlated with an decreased likelihood of developing dengue 

hemorrhagic fever (16, 51). We were able to discern dengue-specific memory CD4+ T cell 

responses using the AIM assay (Fig. 7). Using PBMCs from five DENV+ individuals 

bearing the HLA DRB1*04:01 allele, we were able to detect 0.08-0.94% dengue-specific 

memory CD4+ T cells following stimulation with dengue DRB1*04:01 restricted epitopes 

after 24 hours in culture, p=0.016 (16). CD8+ T cells did not respond in the AIM assay to 

the dengue Class II peptides, as expected (Fig. 7).

Pertussis-specific CD4+ T cells have only been detected in most individuals after 14 day 

expansion of cells in vitro followed by cytokine ELISPOT. We examined whether pertussis-

specific CD4+ T cells could be detected directly ex vivo by the AIM assay, as a stringent test 

of assay sensitivity. Ten donors were tested, and pertussis-specific CD4+ T cells in all 10 

donors were detected by AIM (CD25+OX40+ mean = 0.97, range 0.45-2.32%, Fig. 8A. 

CD25+PD-L1+ mean =0.36, range 0.0134-2.13%, Fig. 8B). These donors were healthy 

individuals who had no recent pertussis immunizations. Pertussis-specific CD4+ T cells were 

memory cells (Fig. 8C) and were found to predominantly (80%) have an effector memory 
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phenotype (CD45RA−CCR7−)(Fig. 8C). Two donors received an acellular pertussis vaccine 

boost within a three-month period from their pre-acellular pertussis boost PBMC specimen. 

The AIM assay detected an increase in pertussis-specific CD4+ T cell responses after the 

acellular pertussis vaccination (Fig. 8D). In comparison to a 14-day re-stimulation ELISPOT 

assay, the 24 hour AIM assay followed the same data trends as the 14-day re-stimulation 

ELISPOT assay (Fig. 8D). The AIM assay was simpler and shorter, and allowed for 

extensive phenotypic cellular characterization at the single cell level by multiparameter flow 

cytometry.

 DISCUSSION

We have shown that it is extremely difficult to quantify antigen-specific GC Tfh cells within 

human tonsils using the traditional ICS method, as GC Tfh cells are inherently stingy 

cytokine producers and make little to no detectable cytokine upon antigen stimulation. 

However, we determined that Strep-specific GC Tfh cells do retain sensitive TCR activation 

in response to antigen, resulting in upregulation of CD25, OX40, and PD-L1. We exploited 

this biology to identify antigen-specific GC Tfh cells with 85-fold greater sensitivity than 

ICS. Furthermore, we observed that the utility of this approach is not limited to GC Tfh cells 

but can be extrapolated to other CD4+ T cells within human lymphoid tissue and peripheral 

blood.

Upon TCR triggering of an antigen-experienced CD4+ T cell, co-stimulatory molecules and 

co-inhibitory molecules are upregulated (52). The interplay of co-stimulatory and co-

inhibitory molecules and which signals dominate are part of antigen-specific CD4+ T cell 

development (53). OX40 is one such receptor, upregulated on antigen-experienced CD4+ T 

cells as early 1-4 hours upon TCR stimulation, depending on the type of CD4+ T cell and the 

strength of the peptide-MHC II complex (3). OX40 on antigen-specific CD4+ T cells 

interacts with OX40L on APCs to promote CD4+ T cell survival (3). Similarly, CD25 is 

another activation marker quickly upregulated upon TCR stimulation and sustained 

following expression of IL-2 in an autocrine or paracrine manner (54). For GC Tfh cells, 

OX40 upregulation upon antigen stimulation by GC B cells in the follicle was not 

unexpected as OX40:OX40L constitutes part of the GC Tfh: GC B cell cognate interaction 

(1). However, CD25 upregulation on GC Tfh cells within the GC follicle is counterintuitive, 

as IL-2 is known to inhibit Tfh differentiation (39, 40). GC Tfh cells expressed low amounts 

of CD25 directly ex vivo (Supplementary Fig. 2C), even though most GC Tfh cells 

experience frequent TCR stimulation in germinal centers (55, 56). Thus, a negative feedback 

mechanism to limit CD25 expression appears to be engaged in vivo but not in vitro. An 

alternative explanation is that stimulation with small amount of antigen in vitro is 

supraphysiologic and does not recapitulate what is seen in vivo, permitting CD25 

upregulation. Many receptors that inhibit GC Tfh cells are expressed by GC Tfh cells (57, 

58), pointing to a central role of inhibitory pathways in maintaining appropriate Tfh biology 

in germinal centers.

PD-L1 upregulation on Strep-specific GC Tfh was also unexpected. A role of PD-L1 on GC 

Tfh cells has not been described. PD-L1 expression is not restricted to myeloid cells and 

non-hematopoetic cells; PD-L1 expression has previously been observed on both CD4+ and 
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CD8+ T cells in certain conditions (59). PD-L1 has been found on activated CD4+ T cells in 

rheumatoid arthritis patients (60, 61). For GC Tfh cells, interpretation of the function of PD-

L1 is complicated, as these cells also express PD-1. The PD-1/PD-L1 axis is involved in GC 

Tfh interactions with GC B cells, with PD-1 highly expressed by GC Tfh and PD-L1 

expressed by GC B cells (62). High PD-1 expression prevents GC Tfh cell proliferation, 

allowing the GC to function properly, as the purpose of the GC is to drive GC B cell 

proliferation and selection while maintaining a relatively constant number of GC Tfh cells 

(33, 57, 63). Expression of PDL1 by an activated GC Tfh cell may inhibit neighboring 

PD-1hi GC Tfh cells in a bystander manner, as an additional mechanism to limit excessive 

GC Tfh cell activation and/or proliferation.

The AIM method exhibited greatly increased sensitivity for detecting Strep-specific GC Tfh 

cells in comparison to ICS. IL-21 protein production was rarely detected by ICS of GC Tfh 

cells after antigen stimulation. Detection of IL-21 protein from antigen-specific human GC 

Tfh cells within lymphoid tissue has been difficult, with perhaps only one reported success 

(15). In macaque studies, there have been little to no detection by ICS of IL-21 protein 

induction in antigen-specific GC Tfh cells (27, 64). IL-21 RNA can be detected in 

stimulated human GC Tfh cells, and an IL-21 fluorescent reporter mouse detects shifts in 

fluorescent reporter protein expression after antigen-stimulation in vivo (55), consistent with 

Il21 mRNA induction. Thus, it appears that GC Tfh cells are intrinsically ‘stingy’ producers 

of IL-21 protein. Note that this cytokine biology of GC Tfh cells within lymphoid tissue 

does not extend to circulating resting memory Tfh cells or circulating recently activated Tfh 

cells in blood (9, 11, 65, 66), which are not GC Tfh cells. GC Tfh cells are not in peripheral 

blood. CD4+ T cells in peripheral blood much more readily produce cytokine than do bona 
fide GC Tfh cells in lymphoid tissues. Peripheral Tfh cells consist of multiple populations, 

but the vast majority ~99% (9) can be categorized as resting central memory Tfh cells (based 

on their resting phenotype), and a small population (~1-5%) can be characterized as recently 

activated Tfh-like cells, based on their activated phenotype (ICOS+PD-1hiKi67+, but no 

detectable Bcl6 protein, or Maf, or CD200). A significant fraction of the resting central 

memory Tfh cells circulating through blood readily produce cytokines, including IL-21, as 

shown by multiple labs. GC Tfh cells are quite different, as they are more differentiated 

cells, in a very different environment, and have much more restricted cytokine production.

As with ICS, the AIM technique is also subject to the potential concern of possible 

bystander activation. We have demonstrated a lack of bystander activation by several 

independent tests. Class II peptide pools dengue-specific for HLA DRB1*04:01 did not 

induce CD25+OX40+ expression on CD8+ T cells. Second, minimal background was 

observed in PBMCs. Finally, we demonstrated a lack of Mtb-tetramer positive cells among 

the CD25+OX40+ CD4+ T cells stimulated with an unrelated antigen.

While identification of antigen-specific GC Tfh cells by CD25, OX40, and PD-L1 co-

expression is novel, CD25+OX40+ co-expression has previously been studied in peripheral 

blood (49, 50, 67, 68). We show here that dengue-specific and pertussis-specific memory 

CD4+ T cells are sensitively detected in peripheral blood by this approach, and we show 

controls for the specificity of the methodology. For dengue virus infections, the AIM assay 

could potentially be useful in detecting antigen specific responses irrespective of the 
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functional cytokine specificity. Indeed it has been reported that severe DENV infection 

associated pathology is linked to complex patterns of cytokine production, and the AIM 

assay will ensure detection regardless of the effector specificity of the DENV-specific T cells 

(51). Additionally, given the resurgence of pertussis in the United States, the AIM assay 

could potentially identify children with waning vaccine responses who may warrant more 

frequent booster vaccinations via ex vivo analysis of their pertussis-specific CD4+ T cell 

responses (69-71).

In summary, antigen-specific GC Tfh, mTfh, and non-Tfh cells can be detected with great 

sensitivity within secondary lymphoid tissue using AIM. This method will likely be valuable 

for understanding germinal center biology as it applies to infections, cancer, and 

autoimmune disease. The wide applicability of this assay also makes this ideal for detecting 

rare ex vivo human antigen-specific CD4+ T cell responses. Moreover, since AIM is a live 

cell assay it is well suited in combination for downstream applications.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Limited cytokine production by GC Tfh cells after antigen stimulation. (A) Representative 

flow cytometry plot of GC Tfh (CXCR5hiPD-1hiCD45RA−CD4+), mTfh 

(CXCR5+PD-1+CD45RA−CD4+), and non-Tfh (CXCR5−CD45RA−CD4+) cell gating with 

representative flow cytometry plots of IL-21 production by live GC Tfh cells from 3 

different tonsils. (B) Median intracellular cytokine production of TNF+IL-21+, TNF+IFNγ+, 

and TNF+CD40L+ by Strep-specific GC Tfh, mTfh, and non-Tfh cells. Representative FACS 

plots following 18-hour culture of tonsil cells with 10ug/mL Strep or PMA/Ionomycin, as a 
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positive control. Limit of detection denoted by the grey dotted line. Data are from 9 donors. 

The response by antigen-specific cells was background subtracted for each donor. (C) 

Median intracellular cytokine production of IL-4+IL-13+, IL-10+, and IL-17+ by Strep-

specific GC Tfh, mTfh, and non-Tfh cells. Limit of detection denoted by the grey dotted 

line. Data are from 19 donors.
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FIGURE 2. 
Proliferation of GC Tfh cells upon restimulation. (A) Representative histograms of 

proliferating GC Tfh, mTfh, and non-Tfh cells from 2 different tonsils following stimulation 

of whole tonsil cells with 100ng/mL Staphylococcal enterotoxin B (SEB). (B) 

Representative flow cytometry plots of proliferating GC Tfh, mTfh, and non-Tfh cells from 

a donor following stimulation of whole tonsil cells with 100ng/mL SEB. Cells were gated on 

CTV+CD25+ or CTV+OX40+. Data are representative of a total of 11 samples from 2 

independent experiments. (C) Representative flow cytometry plots of sorted GC Tfh (live 
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CXCR5hiPD-1hiCD45RA−CD4+), mTfh (CXCR5+PD-1+CD45RA−CD4+), and non-Tfh 

cells (CXCR5−CD45RA−CD4+) from 3 different tonsils. Cells were co-cultured with 

autologous irradiated EBV-transformed lymphoblastoid cell lines for 96 hours, stimulated 

with 100ng/mL SEB, and analyzed for CTV+CD25+ or CTV+OX40+ expression. FACS 

plots show only 20% of collected events, for easier visualization. Data are representative of a 

total of 21 samples from 6 independent experiments.
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FIGURE 3. 
Activation Induced Marker induction by GC Tfh cells. (A) Experimental design for human 

tonsillar AIM assay (B) Representative flow cytometry plots of CD25+OX40+ upregulation 

by live GC Tfh cells (CXCR5hiPD-1hiCD45RA−CD4+) from 3 different tonsils following 18 

hours stimulation with 1μg/mL Staphylococcal enterotoxin B (SEB). (C) Median 

CD25+OX40+ expression by live GC Tfh cells following stimulation with SEB. Data are 

from 14 samples from 2 independent experiments. The response by antigen-specific cells 

was background subtracted for each donor. (D) Comparison of Strep-specific GC Tfh by ICS 
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(TNF+CD40L+) and AIM (CD25+OX40+). The % Strep-specific GC Tfh responses were 

background subtracted. Data are from 9 samples from 2 independent experiments. The 

response by antigen-specific cells was background subtracted for each donor. (E) 

CD25+OX40+ GC Tfh cells are also PD-L1+. Representative FACS plots of CD25+PD-L1+ 

co-expression following stimulation with either Strep or SEB. Strep-specific PD-L1+CD4+ 

GC Tfh cells (black contour plot) were overlaid onto Strep-specific CD25+OX40+ GC Tfh 

cells (grey dots). SEB responsive PD-L1+CD4+ GC Tfh cells (black contour plot) were 

overlaid onto SEB responsive CD25+OX40+ GC Tfh cells (grey dots). Data are from 14 

samples from 2 independent experiments. (F). Representative flow cytometry overlay plots 

demonstrating CD25+OX40+ cells (black dots) within each sorted population (grey dots) for 

each condition (Strep-stimulated, and SEB-stimulated). This is representative of 3 

independent experiments consisting of 7 donors.
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FIGURE 4. 
Activation Induced Marker induction by mTfh and non-Tfh cells. (A) Representative flow 

cytometry plots of CD25+OX40+ upregulation by live mTfh 

(CXCR5+PD-1+CD45RA−CD4+) following stimulation with Strep or 1μg/mL SEB. Median 

CD25+OX40+ expression by live mTfh following stimulation with Strep. Responses were 

background subtracted. Data are from 14 samples from 2 independent experiments. The 

response by antigen-specific cells was background subtracted for each donor. (B) 

Representative flow cytometry plots of and CD25+PD-L1+ upregulation by live mTfh 
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(CXCR5+PD-1+CD45RA−CD4+) following stimulation with Strep or 1μg/mL SEB. Median 

CD25+PD-L1+ expression by live mTfh following stimulation with Strep. Responses were 

background subtracted. Data are from 14 samples from 2 independent experiments. The 

response by antigen-specific cells was background subtracted for each donor. (C) 

Representative flow cytometry plots of CD25+OX40+ upregulation by non-Tfh cells 

(CXCR5−CD45RA−CD4+). Median CD25+OX40+ expression by live non-Tfh following 

stimulation with Strep. Responses were background subtracted. Data are from 14 samples 

from 2 independent experiments. The response by antigen-specific cells was background 

subtracted for each donor. (D). Representative flow cytometry plots of CD25+PDL1+ 

upregulation by non-Tfh cells (CXCR5−CD45RA−CD4+). Median CD25+PD-L1+ 

expression by live non-Tfh following stimulation with Strep. Responses were background 

subtracted. Data are from 14 samples from 2 independent experiments. The response by 

antigen-specific cells was background subtracted for each donor.
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FIGURE 5. 
Detection of EBV/CMV-specific CD4+ T cells in peripheral blood. (A) Three individuals 

were tested by AIM for response to a Class II EBV/CMV peptide pool. AIM+ 

(CD25+OX40+) memory CD4+ T cells (CD45RO+CD4+), naïve CD4+ T cells 

(CD45RO−CD4+), memory CD8+ T cells (CD45RO+CD8+), and naïve CD8+ T cells 

(CD45RO−CD8+) were quantified. (**, p=0.0079). (B) An LTBI DRB5*01:01 donor with 

defined DRB5*01:01 Mtb epitope was stimulated with Mtb and EBV/CMV peptide pool. 

AIM+ (CD25+OX40+) memory CD4+ T cells were quantified. (C) Representative FACS plot 
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demonstrates that EBV/CMV-specific CD4+ T cells (CD25+OX40+) were not positive for 

Mtb-tetramer (black dots).
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FIGURE 6. 
Detection of Mtb-specific CD4+ T cells in peripheral blood. Eight QuantiFERON-TB Gold 

Positive patients with latent tuberculosis (LTBI) and eight QuantiFERON-TB Gold negative 

healthy controls (HC) were tested for response to a pool of ESAT-6 or CFP10 epitopes. (A) 

IFNγ ELISPOT of PBMCs from LTBI patients and healthy controls (*, p=0.0035 for 

ESAT-6, *, p=0.013 for CFP10). Limit of detection denoted by the grey dotted line. (B) AIM 

assay (CD25+OX40+) of PBMCs from LTBI patients and healthy controls similarly had 

higher CD25+OX40+ expression by AIM assay (*, p=0.027 for ESAT-6, ****, p<0.0001 for 

CFP10). Limit of detection denoted by the grey dotted line. Representative flow cytometry 

plots of CD25+OX40+ by an LTBI patient and a HC patient.
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FIGURE 7. 
Detection of dengue-specific CD4+ T cells in peripheral blood. Representative FACS plots 

of CD4+ and CD8+ T cells following stimulation with dengue peptides or PHA, as a positive 

control. Cumulative data from five dengue seropositive patients (DENV+) and five dengue 

seronegative patients (DENV−) with known expression of the HLA DRB1*0401 molecule. 

PBMCs were stimulated with dengue DRB1*0401 restricted peptide for 24 hours. (*, 

p=0.016). (**, p=0.0079).
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FIGURE 8. 
Detection of pertussis-specific CD4+ T cells in peripheral blood using a pertussis peptide 

megapool. (A). AIM+ (CD25+OX40+) memory CD4+ T cells (CD45RA−CCR7+CD4+) 

naïve CD4+ T cells (CD45RA+CCR7+CD4+), memory CD8+ T cells 

(CD45RA−CCR7+CD8+), and naïve CD8+ T cells (CD45RA+CCR7+CD8+) were 

quantified. (****, p<0.0001). (B). CD25+PD-L1+ memory CD4+ T cells were quantified 

(****, p<0.0001) in ten individuals. (C). Quantification of AIM+ (CD25+OX40+) pertussis-

specific within CD4+ T cell subsets. Pertussis-specific cells were predominantly in the 
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CD45RA−CCR7− (**, p=0.0079). (D). Comparison of AIM+ (CD25+OX40+) pertussis-

specific and ELISPOT pertussis-specific responses in individuals pre and post acellular 

pertussis booster vaccination.
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