
Human Extrafollicular CD4+ T Helper Cells Help Memory B Cells 
Produce Immunoglobulins

Sang Taek Kim*,†,#, Jin-Young Choi*,#, Begona Lainez*, Vincent P. Schulz‡, David E. Karas§, 
Eric D. Baum§, Jennifer Setlur§, Patrick G. Gallagher‡,¶, and Joe Craft*,ǁ

*Department of Internal Medicine (Rheumatology), Yale School of Medicine, New Haven, CT 
06520

†Department of General Internal Medicine (Rheumatology), The University of Texas MD Anderson 
Cancer Center, Houston, TX 77030, Yale School of Medicine, New Haven, CT 06520

‡Department of Pediatrics, Yale School of Medicine, New Haven, CT 06520

§Department of Surgery (Otolaryngology), Yale School of Medicine, New Haven, CT 06520

¶Department of Pathology and Genetics, Yale School of Medicine, New Haven, CT 06520

ǁDepartment of Immunobiology, Yale School of Medicine, New Haven, CT 06520

Abstract

Follicular helper T (Tfh) cells are necessary for germinal center B cell maturation during primary 

immune responses; however, the T cells that promote humoral recall responses via memory B cells 

are less well defined. We herein characterize a human tonsillar CD4+ T cell subset with this 

function. These cells are similar to Tfh cells in terms of expression of the chemokine receptor 

CXCR5 and the inhibitory receptor PD-1, interleukin (IL)-21 secretion, and expression of the 

transcription factor BCL6; however, unlike Tfh cells that are located within the B cell follicle and 

germinal center, they reside at the border of the T cell zone and the B cell follicle in proximity to 

memory B cells, a position dictated by their unique chemokine receptor expression. They promote 

memory B cells to produce antibodies via CD40 ligand, IL-10, and IL-21. Our results reveal a 

unique extrafollicular CD4+ T cell subset in human tonsils, which specialize in promoting T cell-

dependent humoral recall responses.

Introduction

Antigenic challenge by invading pathogens or protein vaccination induces a series of events 

leading to generation of T and B cell memory against the encountered antigen (Ag) (1–3). B 

cells mature in the germinal center (GC) within B cell follicles of secondary lymphoid 

organs (SLOs) (4–7). Maturation of GC B cells to memory B cells or long-lived plasma cells 

requires a specialized subset of CD4+ T cells, follicular helper T (Tfh) cells, which localize 
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to GCs and provide critical survival and differentiation signals to GC B cells, including 

CD40 ligand (CD40L, CD154), and interleukins (IL)-21 and -4 (8–13).

Studies in mice reveal that GC responses begin in the days following initial Ag encounter, 

taking weeks for generation of memory B cells and long-lived plasma cells (14, 15). The 

latter secrete high levels of neutralizing immunoglobulin (Ig) for long periods after Ag 

clearance, providing the host with a first line of defense against re-infection (16–19), 

whereas memory B cells rapidly proliferate and differentiate to form secondary GC 

responses or into antibody-forming cells (AFCs) following re-encounter with the priming 

Ag (20, 21). Generation of memory B cells and maintenance of life-long protective 

antibodies produced by long-lived plasma cells are keys to the development of effective 

vaccines (22).

The pattern of antibody production in secondary immune responses differs remarkably from 

that of the primary response in terms of speed, magnitude, and specificity. Such differences 

are mainly a consequence of the intrinsic nature of memory B cells, including their robust 

proliferation and differentiation into AFCs (23, 24), their high-affinity B cell receptors 

(BCRs) acquired via the primary GC response (25–28), and their location at sites of Ag 

drainage in SLOs (29) including the splenic marginal zone (30), tonsillar mucosal 

epithelium (31), and bone marrow (32). While these features of memory B cells contribute 

to their accelerated recall responses upon Ag rechallenge, it is less clear if CD4+ T cells 

necessarily promote their secondary activation, analogous to the help provided by Tfh cells 

to GC B cells in the primary response. Yet, human memory B cells require CD4+ T cell help 

for their proper reactivation and differentiation (27, 33–36). Indeed, although human 

memory B cells proliferate and differentiate in vitro into AFCs in response to polyclonal 

signals including Toll-like receptor (TLR) stimuli and cytokines, they respond more robustly 

to additional signals including IL-10, IL-15, and IL-21, and/or CD40 engagement, which 

can be delivered by CD4+ T cells (30, 36, 37). The expression of BCRs with affinity higher 

than that of naïve B cells and constitutive display of CD80 and CD86 (31) suggest that 

human memory B cells capture antigen with their BCR, present the antigen along with 

costimulatory signals to stimulate CD4+ T cells, with receipt of appropriate help in return.

Vaccine studies demonstrate that isotype-switched immunoglobulin (Ig) with high affinity is 

detectable in the blood within 6-8 days upon re-vaccination (36, 38). If human CD4+ T cells 

provide help to memory B cells for their differentiation into AFCs for rapid recall responses, 

such help should be readily available. Rapid memory B cell differentiation is unlikely to be 

driven by Tfh cells, which would need to develop from naïve precursors, a process that takes 

days (39). Moreover, data from mice suggest that C-X-C motif chemokine receptor 5 

(CXCR5)-expressing central memory CD4+ T cells, perhaps arising via the primary GC 

reaction, reside at the T cell zone during the resting stage and promote humoral recall 

responses by B cells (40–42). We therefore hypothesized that in humans a distinct subset of 

CD4+ T cells promote reactivation of memory B cells upon Ag recall.

We describe a subset of tonsillar CD4+ T cells that promotes maturation of memory B cells 

into AFCs. These cells display canonical Tfh markers indicative of the ability to provide B 

cell help, yet their expression of chemokine receptors and P-selectin glycoprotein ligand-1 
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(PSGL-1), a cell surface protein used for positioning of CD4+ T cells in SLOs (43–45), 

suggest that they reside in distinct locations from Tfh cells. Consistent with these findings, 

they colocalize with memory B cells extrafollicularly at the border of the T cell zone and B 

cell follicle (T-B border), a position resulting from their balanced migration response to the 

T cell zone chemokines, C-C chemokine ligands (CCL) 19 and 21, and the follicular C-X-C 

chemokine ligand (CXCL) 13, in comparison to T cell zone-resident CD45RA+ T and 

follicular-resident Tfh cells. These extrafollicular T helper cells promote memory B cell 

differentiation into AFCs via engagement of B cells by CD40 ligand, and through secretion 

of cytokines including IL-10 and IL-21. Our data provide evidence for a distinct population 

of extrafollicular CD4+ helper T cells which resides at the tonsillar T-B border, a unique 

cellular niche, well positioned to provide T cell-dependent help to memory B cells for 

humoral recall responses.

Materials and Methods

Human samples

Tonsils were obtained at time of routine pediatric tonsillectomy (ages 2-18) performed at 

Yale New Haven Children’s Hospital, New Haven, CT. The Institutional Review Board of 

the Yale University School of Medicine approved all experiments.

Surface staining

Cells were mechanically homogenized, followed by staining for surface molecules using 

LIVE/DEAD fixable Aqua (Invitrogen, 1:1000 dilution) and anti-CD4 PE-Cy5 (RPA-T4, 

BD, 1:50 dilution), anti-CD3 PE-Cy7 (UCHT1, eBioscience, 1:50 dilution), anti-CD45RA 

V450 (H100, eBioscience, 1:100 dilution), anti-CXCR5 conjugated with Alexa Fluor 488 

(RF8B2, eBioscience, 1:50 dilution), Alexa Fluor 647 (RF8B2, BD, 1:50 dilution), or biotin 

(RF8B2, BD Biosciencese, 1:50 dilution)/streptavidin APC-Cy7 (1:400 dilution), anti-

PSGL-1 PE (KPL-1, BD, 1:50 dilution) or APC (FLEG, eBioscience, 1:50 dilution), anti-

ICOS FITC (C398.4A, eBioscience, 1:50 dilution), anti-CCR7 FITC (150503, R&D 

Systems, 1:50 dilution), anti-CD62L FITC (DREG56, eBioscience, 1:50 dilution), anti-

CXCR4 PE-Cy5 (12G5, eBioscience, 1:50 dilution), anti-CD200 APC (OX104, 

eBioscience, 1:50 dilution), anti-OX40 PE-Cy5 (ACT35, BD, 1:50 dilution), anti-PD-1 PE-

Cy7 (EH12.1, BD, 1:50 dilution), anti-CXCR3 BV421(1C6/CXCR3, BD, 1:50), anti-

IL-2RA PE (M-A251, BD, 1:25), anti-CD19 APC-Cy7 (SJ25C1, eBioscience, 1:50 

dilution), anti-IgD PE-Cy7 (IA6-2, BD, 1:50 dilution), anti-CD38 V450 (HIT2, BD, 1:50 

dilution), and anti-IL-10R PE (3F9, Biolegend, 1:50 dilution).

Cell isolation

CD4+ T cells were enriched (Easysep Enrichment Kit; Stemcell Technologies) and sorted 

into CD45RA+, non-Tfh effectors (CD45RA− PSGL-1hi PD-1lo CXCR5lo), Tfh (CD45RA− 

PSGL-1lo PD-1hi CXCR5hi) and CD45RA− PSGL-1hi PD-1hi CXCR5hi T cells by 

FACSAria (BD Biosciences). Sorted subsets were used for intracellular staining, quantitative 

PCR (qPCR), measurement of cytokines, microarray experiments and T-B cell cocultures. 

For the latter, naïve B (CD3− CD19+ IgD+ CD38−), germinal center B (CD3− CD19+ IgD− 
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CD38+) and memory B (CD3− CD19+ IgD− CD38−) cells were sorted and used with 

different T cell subsets.

Intracellular staining

For CD40L intracellular staining, sorted T cells were stimulated with PMA (100 ng/ml) and 

ionomycin (1 μg/ml) for an hour, fixed (BD CytoFix/CytoPerm™) and permeabilized (BD 

PERM/Wash™ solution). After permeabilization, cells were stained with anti-CD40L PE 

(24-31, Biolegend, 1:20 dilution). For IL-10 staining, total lymphocytes were stimulated 

with PMA (100 ng/ml) and ionomycin (1 μg/ml) for four hours and then for an additional 

two hours in the presence of Golgi plug (BD). Cells were stained for surface molecules prior 

to fixation. After fixation, cells were permeabilized and stained with anti-IL-10 Alexa Fluor 

647 (JES3-9D7, Biolegend, 1:20 dilution). For BCL6, BLIMP-1, and Ki67 staining, total 

lymphocytes were stained for surface molecules prior to fixation. After fixation, cells were 

permeabilized and stained with anti-BCL6 PE (K112-91, BD, 1:50 dilution), anti-BLIMP-1 

PE (6D3, BD, 1:50 dilution), or anti-Ki67 FITC (MOCP-21, BD, 1:100 dilution). FOXP3 

staining was analogous to that of BCL6 except for changes in fixation and permeabilization 

(Biolegend FOXP3 FIX/PERM kit) and the use of anti-FOXP3 PE (206D, Biolegend, 1:10 

dilution). Samples were loaded on LSR II (BD). Events were collected and analyzed with 

FlowJo software (TreeStar, CA).

Influenza-specific CD40L assay

PSGL-1hi PD-1hi CXCR5hi cells were isolated by flow cytometric sorting, and 5x104/well 

and the same number of autologous CD4-depleted cells were cocultured in the presence of 

Fluzone influenza virus vaccine (Sanofi Pasteur) in 96 well plates (U bottom) at 37°C for 16 

hours and additional 2 hours with Golgi plug (BD). After stimulation, cells were collected 

and stained with Aqua Live/Dead (Invitrogen). After fixation/permeabilization, cells were 

stained with anti-CD40L PE (24-31, Biolegend, 1:20 dilution).

Confocal microscopy

Tonsils were placed in OCT medium, frozen with dry ice, then stored at −80 °C. 8-9 μm 

cryostat sections were fixed in acetone. After blocking with rat serum for 20 minutes, slides 

were stained with anti-CD19 FITC (HIB19, BD, 1:25 dilution), anti-IgD FITC (IA6-2, BD, 

1:25 dilution) or PE (IgD26, Miltenyi Biotec, 1:25 dilution), anti-CD27 PE (O323, 

Biolegend, 1:25 dilution) or Alexa Fluor 647 (O323, Biolegend, 1:25 dilution), anti-CD38 

Alexa Fluor 647 (HIT2, Biolegend, 1:10 dilution), anti-PSGL-1 PE (KPL-1, BD, 1:10 

dilution), and anti-CD4 AL647 (OKT4, Biolegend, 1:25 dilution). For PD-1 staining, we 

used purified mouse anti-human PD-1 antibody (EH12.2H7, Biolegend, 1:40 dilution) 

followed by goat anti-mouse DyLight 649 (PoLy4053, Biolegend, 1:40 dilution). For 

secondary staining, anti-FITC Alexa Flour 488 antibody (Invitrogen, 1:100 dilution) was 

used to enhance the FITC signal. Slides were mounted (Prolong Gold Anti-Fade Mounting 

Medium; Invitrogen), and images acquired using 10X and 40X objectives (Olympus BX40), 

or a 20X objective (Zeiss LSM510 Meta Confocal Microscope). Within one image, areas of 

different anatomical compartments (T cell zone, follicular mantle, germinal center, T-B 

border, and subepithelium) were measured with ImageJ software. As defined previously in a 

murine study (39), the area of T-B border was determined as 80-100 μm on either side of the 
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follicular mantle border. Cells of interests were quantified with ImageJ and their numbers 

per each anatomical compartment were calculated.

Quantitative PCR

Quantitative PCR was set up using Brilliant II SYBR® Green QPCR Master Mix (Agilent 

Technologies, Santa Clara, CA) according to manufacturer’s instructions. Primers of 

relevant genes were synthesized by Real Time Primers and the Keck Oligonucleotide 

Synthesis Facility at Yale University (GATA3, RORC, BCL6, PRDM1, PDCD1, CXCR5, 

SELPLG) or purchased from www.realtimeprimers.com (TBX21, GPR183). Primer 

sequences included: TBX21 forward primer: 5’-CAACAATGTGACCCAGATGA-3’, 

reverse primer: 5’-TGGCAAAGGGGTTATTATCA-3’; GATA3 forward primer: 5’- 

TCACAAAATGAACGGACAGAAC 3’,reverse primer: 5’-

AGCTTGTAGTAGAGCCCACAGG 3’; RORC forward primer: 5’- 

CTGTAACGCGGCCTACTCCT -3, reverse primer: 5’- GTCTTGACCACTGGTTCCTGTT 

-3’; BCL6 forward primer: 5’- ATGCCAGTGATGTTCTTCTCAA 3, reverse primer: 5’- 

AAGGTTGCATTTCAACTGGTCT -3’; PRDM1 forward primer: 5’- 

GACTTTGCAGAAAGGCTTCACT 3, reverse primer: 5’- 

ACATTCTTTGGGCAGAGTTCAT -3’; PDCD1 forward primer: 5’-

AAGGCGCAGATCAAAGAGAG-3, reverse primer: 5’-

ACCCAGACTAGCAGCACCAG-3’; CXCR5 forward primer: 5’- 

CTGGAAATGGACCTCGAGAA reverse primer: 5’- GCAGGGCAGAGATGATTTTC 3’; 

SELPLG forward primer: 5’- GGCTGGGACCTTGTCACTAA-3, reverse primer: 5’- 

AGGCTTTCTCGGCTTCATCT -3’; and GPR183 forward primer: 5’-

CTATGCAATGGGCTTTGACT-3’, reverse primer: 5’-TTGATGAGGAGTGGGAGTGT-3’. 

PCR reaction were performed on the Stratagene MX3005P™ (Agilent Technologies, Santa 

Clara, CA) with following conditions: step 1: Denaturation at 95°C for 10 minutes; Step 2: 

amplification (40 cycles) at 95°C for 30 seconds, 55°C for 1 minute, 72°C for 1 minute; and, 

Step3: termination (1 cycle) at 95°C for 1 minute, 55°C for 30 seconds, 95°C for 30 

seconds. The expression of each transcript was standardized using expression of the 

housekeeping gene ACTIN.

T-B cell coculture

5 × 104/well of sorted T and B cells were cocultured in U-bottom 96 well plates in RPMI 

1640 (GIBCO) supplemented with 1% L- glutamine, 1% penicillin/streptomycin, 1% 

sodium pyruvate, 10% Fetalplex and IL-2 (10 ng/ml). Supernatants were taken after 5 days 

for Ig analysis by ELISA. In blocking experiments, anti-CD3 + anti-CD28 (Dynabeads® 

Human T-Activator; Invitrogen, 1:1000 dilution) were added to the culture medium with the 

following: anti-IL-10 monoclonal antibody (PeproTech), IL-21R/Fc fusion protein (1 μg/ml, 

R&D Systems), anti-CD40L (5 μg/ml, eBioscience), and anti-ICOS ligand (5 μg/ml, 

eBioscience). Anti-IL-17 antibody (R&D system) and/or human IgG Fc fragment protein 

(Abcam) were used as isotype controls.

Cytokine measurement

Sorted T cells were stimulated with PMA (100 ng/ml) plus ionomycin (1 μg/ml) and cell 

supernatants obtained 6 hours later. Cytokines concentrations were determined using 
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commercial kits, according to instructions of the manufacturers: IL-21, IL-4, IL-17, and 

interferon gamma (all from eBioscience), and IL-10 (Biolegend).

Migration assays

Enriched CD4+ T cells were washed and resuspended in migration medium (1640 RPMI 

with 0.5% fetal bovine albumin) at 1 × 106 cells/ml. 2 × 105 cells were loaded in a 3 μm 

pore transwell (BD Falcon), with 800 μl of migration medium placed in lower chambers. 

CCL19, CCL21, CXCL13 (all R&D Systems) and oxysterol (Avanti® Polar Lipids INC, 

Alabaster, Alabama) were added at a concentration of 1 μg/ml (CCL19, CCL21, CXCL13) 

or 5 μM (oxysterol) individually or collectively (Fig. 6). Cells were allowed to migrate at 

37°C for 3 hours, followed by their collection from the lower chamber were collected and 

staining to quantify numbers of CD45RA+, Tfh, and PSGL-1hi PD-1hi CXCR5hi T cell 

populations. In some experiments, enriched CD4+ T cells were stained with either anti-

CCR7 monoclonal antibody (16 μg/ml, R&D Systems) or anti-PSGL-1 biotin (16 μg/ml, 

Ancell) for 40 minutes either individually or collectively prior to migration. Before samples 

were loaded into for flow cytometry, the same numbers of beads (SpherotechINC) were 

added into each tube to standardize cell numbers between tubes. Events were analyzed with 

FlowJo software.

Gene expression array analysis

CD45RA+, effector memory, Tfh, and PSGL-1hi PD-1hi CXCR5hi T cells were sorted by 

flow cytometry. Independent samples were generated from three individual tonsils. mRNA 

from sorted cells was extracted using Trizol (Invitrogen, Carlsbad, CA) and purified 

(RNeasy Mini Kit; Qiagen), according to the manufacturer’s instructions. mRNA purity was 

verified by OD 260/280 and OD 260/230 ratio analysis (NanoDrop® ND-1000 

Spectrophotometer; Thermo Scientific). Triplicates of Tfh and PSGL-1hi PD-1hi CXCR5hi T 

cells were made before RNA extraction. For one chip, 130-150 ng of mRNA per sample 

obtained from one individual tonsil were reverse transcribed to cDNA using a T7 oligo (dT) 

primer. Second-strand cDNA was synthesized, transcribed in vitro, and labeled via 

incorporation of biotin-16-UTP. Integrity of purified cDNA was assessed (Agilent 2100 

Bioanalyzer) prior to hybridization. Labeled cDNA samples were hybridized to two Illumina 

HumanHT-12 v4 Expression Bead Chip genome-wide arrays using standardized Illumina 

reagents and protocols according to the manufacturer’s instructions. After washing and 

staining, Bead Chips were scanned on the Illumina Iscan. The Beadstudio software was used 

to export probe level expression values for each sample. The R v2.13.0 Bioconductor lumi 

v2.4.0 package was used for quality control analysis, variance stabilizing transformation and 

quantile normalization (46). Probes with less than two samples called present were excluded 

from analysis. The limma v3.8.1 package was used to identify differentially expressed genes 

(47). The GOstats v2.18.0 R package (48), Database for Annotation, Visualization and 

Integrated Discovery tool (49), and Ingenuity Pathways analysis systems were used for 

pathway and network analysis of differentially expressed gene sets. The gene expression 

array data is accessible in the Gene Expression Omnibus (GEO) database (http://

www.ncbi.nim.nih.giv/gds) with accession number GSE52156.
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Statistics

The significance of the mean differences among three or more than three groups was 

determined by one-way ANOVA test with Bonferroni correction. For comparison of the 

mean differences between two groups, two-tailed Student’s or paired t-tests were performed. 

All statistical analyses were done with Prism Software.

Results

PSGL-1hi CD4+ T cells are geographically restricted to the tonsillar T cell zone

P-selectin glycoprotein ligand-1 (PSGL-1) is a T cell surface molecule that enables 

residence in the T cell zone by synergizing interaction between C-C chemokine receptor 

type 7 (CCR7) on T cells and CCL19 and CCL21, T cell zone chemokines (43). Murine 

experiments show that downregulation of Selplg (transcript for PSGL-1) by the transcription 

factors B-cell lymphoma 6 (Bcl6) and Achaete-scute complex homolog 2 (Ascl2) is required 

for Tfh cell differentiation (50, 51); thus, nearly all murine CD4+ T cells in B cell follicles 

and germinal centers (GCs) are PSGL-1lo (44), although PSGL-1lo cells also are found 

extrafollicularly (45), as they prepare for T zone exit to the follicle upon activation. To 

determine if the latter phenotype applies to humans, we stained human tonsil sections with 

antibodies to PSGL-1 (red), IgD (green), and CD4 (blue) (Fig. 1A, shown individually and 

merged). Consistent with murine studies, PSGL-1hi CD4+ T cells are in the T cell zone, and 

not in follicles and GCs (Fig. 1, A and B, with co-localization of purple PSGL-1+ CD4+ 

cells). Quantification of CD4+ cell numbers in T cell zones, follicular mantles, and GCs 

demonstrated that while both PSGL-1hi and PSGL-1lo populations reside in the T cell zone, 

as in mice (44), PSGL-1hi CD4+ T cells are not found within the follicular mantle and GCs 

(Fig. 1C). Thus, in humans, as in mice, PSGL-1 distinguishes extrafollicular CD4+ T cells 

from follicular CD4+ T cells: PSGL-1hi CD4+ cells reside only in the T cell zone and all GC 

CD4+ T cells are PSGL-1lo.

CD4+ T cells expressing canonical Tfh markers exist in the tonsillar T cell zone

Human tonsillar GC Tfh cells have been defined as either PD-1hi CXCR5hi or ICOShi 

CXCR5hi (52, 53). To further characterize PSGL-1hi cells, and to assess their relationship to 

Tfh cells, we, gated total CD4+ T cells into PD-1− CXCR5−, PD-1lo CXCR5lo, and PD-1hi 

CXCR5hi cells, using previously established gating strategy (52, 53). PD-1− CXCR5− cells 

were further gated into CD45RA+ naïve T cells and CD45RA− PSGL-1hi PD-1− CXCR5− 

cells. Based on their location and work by others (11, 12, 44, 53–55), we defined CD45RA− 

PSGL-1hi PD-1− CXCR5− CD4+ T cells as non-Tfh effectors. Of PD-1hi CXCR5hi CD4+ 

cells, 17.9 ± 5.8% (mean ± SD, n=12) expressed PSGL-1, gating based on the PSGL-1 

expression on CD45RA+ naïve CD4+ T cells. Although PSGL-1hi PD-1hi CXCR5hi CD4+ T 

cells co-expressed the Tfh markers, PD-1 and CXCR5, they resided in the T cell zone 

according to microscopic findings (Fig. 1). The surface marker profile of PSGL-1hi PD-1hi 

CXCR5hi CD4+ T cells was similar to that of Tfh cells as both populations expressed ICOS, 

OX40, CXCR4, CD200, CD57, and CD40 ligand, with less expression of CD127, CCR7, 

and CD62L. In addition, both PSGL-1hi PD-1hi CXCR5hi CD4+ T cells and Tfh cells lacked 

FOXP3 expression characteristic of regulatory T cells and T follicular regulatory cells 

shown in mice and in humans (Fig. 2B) (56–60). PD-1lo CXCR5lo CD4+ cells, known to 
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promote extrafollicular Ig production by naïve B cells (53), could be distinguished in flow 

cytometry from PSGL-1hi PD-1hi CXCR5hi CD4+ T cells and Tfh cells.

PSGL-1hi PD-1hi CXCR5hi T and Tfh cells are transcriptionally distinct

We next asked if PSGL-1hi PD-1hi CXCR5hi T cells had features distinct from those of Tfh 

cells in addition to surface marker expression and tonsillar location. We examined mRNA 

expression using microarrays comparing tonsillar Tfh and PSGL-1hi PD-1hi CXCR5hi T 

cells, alongside controls including naïve CD45RA+ and non-Tfh effector T cells (Fig. 3, A, 

B, and D; Supplemental Fig. 1, A, B, and C; Supplemental Tables 1-2). We did three 

independent sorts of Tfh and PSGL-1hi PD-1hi CXCR5hi cells, each sort from an individual 

tonsil, and then split each of these replicates into thirds for expression analysis by 

microarrays. The overall relatedness of the gene expression profiles of the 4 CD4+ T cell 

populations (Tfh, PSGL-1hi PD-1hi CXCR5hi, naïve, non-Tfh effector) was determined by 

hierarchical clustering of the 500 most variably expressed genes in the data set 

(Supplemental Fig. 1A). Expression patterns from naïve CD45RA+ T cells were most 

distinct from the other cell types. The expression profiles of the Tfh cells were most similar 

to those from PSGL-1hi PD-1hi CXCR5hi T cells (Fig. 3A, Supplemental Fig. 1A). 

Differences in gene expression between Tfh cells and PSGL-1hi PD-1hi CXCR5hi T cells 

were examined in the 9 replicates (false discovery rate [FDR] P < 0.05, log2 fold change > 

0.5; Supplemental Table 1), and 320 differentially expressed genes were identified. Heatmap 

analysis revealed a high degree of uniformity and consistency in patterns of gene expression 

in the replicates of the two cell types (Supplemental Fig. 1B).

The biologic function(s) of the genes that were differentially expressed between Tfh cells 

and PSGL-1hi PD-1hi CXCR5hi T cells were analyzed in a series of network and pathway 

analyses. Analysis of Gene Ontology (GO) biologic processes enriched in differentially 

expressed genes identified GO terms related to cell cycle, and with the exception of BCL6 
and SMAD6, identified genes upregulated in PSGL-1hi PD-1hi CXCR5hi T cells (Fig. 3B 

and Supplemental Table 2). The top cluster of DAVID enriched terms and Ingenuity 

Pathway Analysis (IPA) also identified gene categories primarily related to cell cycle and the 

top functional network identified E2F proteins, transcription factors involved in cell cycle 

progression and DNA synthesis (61), as critical hubs, all with significant expression in 

PSGL-1hi PD-1hi CXCR5hi T cells and validated by quantitative PCR (Supplemental Fig. 1, 

C and D). Gene expression profiling suggested that PSGL-1hi PD-1hi CXCR5hi T cells 

proliferated more actively than Tfh cells via the E2F pathway. Indeed, PSGL-1hi PD-1hi 

CXCR5hi T cells contained more Ki67+ cells than did their Tfh counterparts (Fig. 3C).

Several other genes of interest were also differentially expressed between these two 

populations (Fig. 3D). As expected, Tfh cells more robustly expressed genes critical for Tfh 

cell function or differentiation, including PDCD1 (13), CD40 ligand (CD40LG) (12), 

interleukin-4 (IL4) (62, 63), BCL6 (64–66), and CXCL13, a ligand of CXCR5 and known to 

be produced by human Tfh cells (67, 68). In contrast, PSGL-1hi PD-1hi CXCR5hi T cells 

more significantly expressed genes involved in migration and B cell differentiation into 

AFCs including interleukin-10 (IL10) (69–71), sphingosine-1-phosphate receptors (S1PR), 

critical for T cell egress from either the thymus or peripheral lymphoid organs (72), C-X-C 
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chemokine receptor type 3 (CXCR3), which enables T cells to migrate into inflamed tissues 

in response to C-X-C motif chemokine 10 (CXCL10) (73), as well as IL-2 receptor alpha 

(IL2RA), which is not robustly expressed in murine Tfh cells (55). The genes encoding 

Ascl2 (50), activin A (74), and Maf (68) which play critical roles in Tfh cell differentiation 

by upregulating CXCR5 and/or downregulating CCR7 and PSGL-1 were comparably 

expressed between PSGL-1hi PD-1hi CXCR5hi T cells.

We further dissected the RNA and protein differences between Tfh and PSGL-1hi PD-1hi 

CXCR5hi T cells using qPCR, assessing expression of key transcription factor genes and 

canonical Tfh markers (Fig. 3E). Non-Tfh effectors highly expressed the T-box transcription 

factor 21 (TBX21), the Th1 master regulator, RAR-related orphan receptor gamma (RORC), 

the Th17 master regulator, and PRDM1 (BLIMP-1, a BCL6 repressor), while Tfh cells 

highly expressed BCL6. As shown in microarray analysis, PSGL-1hi PD-1hi CXCR5hi T 

cells expressed less BCL6 and more PRDM1 than Tfh cells. The canonical Tfh markers, 

CXCR5 and PDCD1, were highly expressed in Tfh cells. We also compared protein 

expression of representative genes (Fig. 3D) between Tfh and PSGL-1hi PD-1hi CXCR5hi T 

cells by mean fluorescence intensity (MFI) and observed an identical tendency of expression 

of the genes at protein level (Fig. 3F). Regarding cytokine profiles, all activated CD4+ T 

subsets (non-Tfh effectors, Tfh, and PSGL-1hi PD-1hi CXCR5hi T cells) comparably 

produced IL-21 (Fig. 3G). Consistent with the qPCR data, non-Tfh effectors produced Th1 

and Th17 cytokines, interferon-γ and IL-17, respectively. Both Tfh and PSGL-1hi PD-1hi 

CXCR5hi T cells produced IL-4, while IL-10 was made only by the latter (Fig. 3G). Thus, 

while Tfh and PSGL-1hi PD-1hi CXCR5hi T cells have similar gene expression profiles and 

BCL6 protein expression, the latter expressed significantly more transcripts related to cell 

cycle (alongside evidence of greater proliferation; Fig. 3C), migration (S1PR1 and CXCR3, 

low in CXCR5 and CXCL13), function (IL-10), and development (IL2RA and PRDM1). 

They also produced more IL-10 and less IL-4 than Tfh cells, while comparably producing 

IL-21.

PSGL-1hi CXCR5hi PD-1hi T cells promote differentiation of memory B cells into AFCs

We assessed the B helper function of human tonsillar CD4+ cells by measuring secreted 

immunoglobulin (Igs) during T and B cell cocultures (Fig. 4 and Supplemental Fig. 2). 

Memory B cells produced more IgG when cocultured with PSGL-1hi PD-1hi CXCR5hi T 

cells, compared to culture with Tfh cells (Fig. 4A). By contrast, GC B cells more robustly 

secreted IgG when cocultured with Tfh cells (Fig. 4A). Differential Ig secretion in co-

cultures was not a consequence of distinct survival of T cell subsets, since we recovered 

equivalent numbers of Tfh and PSGL-1hi CXCR5hi PD-1hi T cells from the co-cultures 

when Igs were measured (Supplemental Fig. 2A). To elucidate the mechanism by which 

PSGL-1hi PD-1hi CXCR5hi T cells promoted memory B cells differentiation, we cocultured 

PSGL-1hi PD-1hi CXCR5hi T cells and memory B cells in the presence of anti-CD3 and 

anti-CD28 along with blockade of molecules known to contribute to T-B cell interactions. 

Anti-ICOSL antibody blockade of ICOS signaling did not affect Ig production by memory B 

cells, by contrast to the effects of CD40L blockade (Fig. 4B). Similarly, interruption of 

physical interactions between PSGL-1hi PD-1hi CXCR5hi T cells and memory B cells in 

transwell assays limited CD38++ IgG+ AFC formation (Supplemental Fig. 2B).
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We also asked if T-cell cytokines contributed to memory B cell differentiation in these co-

culture assays, focusing initially upon IL-10 as it was exclusively produced by PSGL-1hi 

PD-1hi CXCR5hi T cells (Fig. 3F), and past studies demonstrating that this cytokine 

promotes B-cell production of isotype-switched Igs (69, 70). Accordingly, anti-IL-10 

reduced in a dose-dependent manner the production of Ig upon PSGL-1hi PD-1hi CXCR5hi 

T cell and memory B cell cocultures (Fig. 4C and Supplemental Fig. 2C). As IL-10 and 

IL-21 work synergistically to promote Ig synthesis by B cells (9, 75), we went on to 

demonstrate that antibody blockade of both cytokines further inhibited Ig production in co-

cultures, compared to single blockade, suggesting that these cytokines worked independently 

(Fig. 4D and Supplemental Fig. 2D). We also asked if PSGL-1hi PD-1hi CXCR5hi T cells 

contain antigen-specific memory cells, assessing CD40L expression in response to influenza 

antigen stimulation (75). PSGL-1hi PD-1hi CXCR5hi T cells upregulated CD40L upon 

stimulation, suggesting that this population contains antigen-specific memory cells (Fig. 

4E). Collectively, these data reveal that PSGL-1hi PD-1hi CXCR5hi T cells help memory B 

cells differentiate into AFCs through contact (CD40L)- and cytokine (IL-10 and IL-21)-

dependent signals.

PSGL-1hi PD-1hi CXCR5hi T cells reside proximal to memory B cells at the T cell zone-B 
cell follicular border

We next investigated the location of PSGL-1hi PD-1hi CXCR5hi T cells, and for comparison, 

memory B cells, using confocal microscopy. For the latter, tonsil sections were stained with 

antibodies against CD27 and CD38, a memory B and GC B cell marker, respectively (76), in 

combination with CD19, to mark all B cells (Supplemental Fig. 2E). We used CD27 to 

demarcate the T cell zone from B cell follicles (Fig. 5A, red), as memory B cells, 

plasmablasts, and CD4+ T cells more strongly expressed CD27 in flow cytometry than did 

naïve and GC B cells (Supplemental Fig. 2E). Likewise, CD38 staining enabled 

differentiation of T cell zone and GCs from the follicular mantle (Fig 5A, blue), as GC B 

cells, plasmablasts, and some T cells expressed this protein (Supplemental Fig. 2E). When 

colors were merged, we observed that CD19+ CD27hi CD38− memory B cells were 

primarily found along the border of T cell zone-B cell follicle (T-B border) (Fig. 5A, far 

right panel; yellow cells as indicated by arrows). Quantification of microscopy data revealed 

that memory B cells were present mainly at the T-B border or B cell follicular mantles (Fig. 

5C, left panel). This finding was consistent with work showing that memory B cells, 

especially those expressing CD27, are located mainly at the tonsillar T-B border (77).

The PSGL-1 marked T cell zone (Fig. 5B, red) was adjacent to CD19 staining B cell 

follicles (Fig. 5B, green). As reported previously (78), PD-1hi cells were found either in GCs 

or at the T-B border (Fig. 5B, blue). When combined, CD19− PSGL-1lo PD-1hi cells (light 

blue) were present at the periphery of GCs while CD19− PSGL-1hi PD-1hi cells resided at 

the follicular outer edges (Fig. 5B, far right panel; purple cells as indicated by arrows), 

especially at the T-B border (Fig. 5C, middle panel). These CD19− PSGL-1hi PD-1hi cells 

were PSGL-1hi PD-1hi CXCR5hi T cells as determined by flow cytometry, since PD-1 was 

expressed only by CXCR5hi CD4+ T cells in human tonsils (Supplemental Fig. 2F). 

Quantification of memory B cells and CD19− PSGL-1hi PD-1hi T cells revealed that they 

were enriched at the T-B border (Fig. 5C, right panel). When identical areas were compared 
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side-by-side, CD27 expressing memory B cells (Fig. 5D, left two panels; light blue cells as 

indicated by arrows) and CD19− PSGL-1hi PD-1hi T cells (Fig. 5D, right two panels; purple 

cells indicated by arrows) were colocalized at the T-B border.

Chemokine signaling and receptor expression by PSGL-1hi PD-1hi CXCR5hi T and memory 
B cells are consistent with their tonsillar co-localization

We next asked if chemokine signaling and receptor expression on PSGL-1hi PD-1hi 

CXCR5hi T and memory B cells were consistent with their co-localization at the tonsillar T-

B border. We hypothesized that CCR7, PSGL-1, CXCR5, and Epstein-Barr virus-induced G-

protein coupled receptor 2 (EBI2) collectively played a role in determining the location of 

both PSGL-1hi PD-1hi CXCR5hi T cells and memory B cells. To address this hypothesis, we 

first investigated their expression on T cells, using as EBI2’s transcript GPR183 as a 

surrogate for EBI2 (Fig. 6A). Compared to Tfh cells, PSGL-1hi PD-1hi CXCR5hi T cells 

expressed greater CCR7, PSGL-1 and GPR183, as markers of T zone homing, with less 

CXCR5, a follicular homing molecule. Consistent with these data, chemotaxis assays 

revealed that PSGL-1hi PD-1hi CXCR5hi cells migrated better in response to the T zone 

chemokines CCL19 and CCL21 than did Tfh cells, as assessed by the ratio of their 

migration to these two chemokines, compared to migration in their absence (PSGL-1hi 

PD-1hi CXCR5hi T cells = 3.06 ± 0.61, vs. Tfh cells = 1.14 ± 0.25; mean ± SD, n=10). The 

former also migrated less than did Tfh cells in response to the follicularly expressed 

CXCL13, a ligand for CXCR5, also as assessed by the ratio of their migration to the 

chemokine compared to migration in its absence (PSGL-1hi PD-1hi CXCR5hi cells = 2.69 

± 1.14, vs. Tfh cells = 5.26 ± 2.82; mean ± SD, n= 10) (Fig. 6B). In comparison, and as 

expected, naïve CD45RA+ T cells migrated well in response to CCL19 and CCL21 (9.97 

± 5.51, ratio relative to absence of CCL19 + 21; mean ± SD, n=10).

To investigate the role of PSGL-1 in responsiveness to CCL19 and CCL21, and further 

assess that of CCR7, we pretreated CD4+ T cells with either anti-CCR7 and/or PSGL-1 

antibodies prior to migration assessment. We also assessed their migration to oxysterol, a 

ligand of EBI2, which is more abundant in T cell zones than follicles (79). Anti-CCR7 

inhibited migration of PSGL-1hi PD-1hi CXCR5hi T cells (and as a control, naïve CD45RA+ 

T cells) toward CCL19 and CCL21, whereas blockade of PSGL-1 did not affect either 

population; however, dual antibody blockade more strongly inhibited migration of both 

populations compared to blocking CCR7 alone (Fig. 6C, upper panel). Both cell types also 

migrated more in response to CCL19 and CCL21 plus oxysterol than in response to either 

CCL19 and CCL21 or oxysterol alone. Collectively, these data indicated that PSGL-1hi 

PD-1hi CXCR5hi T cells migrate in response to extrafollicular and follicular chemokines, to 

a degree intermediate between T zone homing naïve T cells and follicular homing Tfh cells, 

suggesting they position themselves at a specific location, or perhaps niche, where the 

chemoattractive forces of extrafollicular and follicular chemokines are balanced. These data 

also supported the confocal microscopy images, in which PSGL-1hi PD-1hi CXCR5hi T cells 

were enriched at the tonsillar T-B border (Fig. 5, B and D).

We also investigated B cell chemokine expression and chemotaxis. Memory B cells, 

compared to their naïve counterparts, expressed more GPR183, with less CXCR5 and 
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PSGL-1, with equivalent expression of CCR7 (Fig. 6D). Accordingly, memory B cells 

migrated more robustly in response to oxysterol (Fig. 6E, left), by contrast to naïve cells, 

which responded better to CXCL13 (Fig. 6E, right). The migratory capacity of naive and 

memory B cells in response to CCL19 and CCL21 plus oxysterol was equivalent, with the 

former also more responsive to CCL19 and CCL21 alone. Taken together, these data are 

consistent with the observation that memory B cells reside more distal from follicle than do 

naive B cells.

Discussion

Although multiple stimuli promote differentiation of human memory B cells into AFCs, 

including those delivered by cytokines and via Toll-like receptors, signals from CD4+ T cells 

more effectively promote such maturation (27, 33–36). Yet, the nature of the T cells that 

provide such help, and the mechanism by which they act, have not been well defined. We 

propose that these T helper cells are characterized by a unique cell surface markers, gene 

expression, response to chemokine signals, tonsillar location, and mechanism by which they 

drive memory B cells to mature into AFCs, distinguishing them from canonical B helper Tfh 

cells.

PSGL-1hi PD-1hi CXCR5hi T cells expressed surface molecules found on Tfh cells, 

including PD-1, CXCR5, and ICOS; however, they did not down-regulate PSGL-1, critical 

for emigration of nascent Tfh cells upon their activation in the T cell zone (43–45). This 

finding suggested these two T cell populations were distinct, while enabling a means for 

their separation microscopically and by flow cytometry, as well as their functional and 

molecular characterization. Tfh cells are located in follicles and GCs; by contrast, PSGL-1hi 

PD-1hi CXCR5hi T cells largely resided outside follicles, mainly at the T-B border. Such 

residence appeared to be mediated by chemokine receptor signaling, in that these cells were 

responsive to both T zone chemokines, CCL19 and CCL21 and to oxysterol, and to the B 

follicular chemokine, CXCL13 (79–83), suggesting that such signals balance them at the 

border of the T zone and follicle. In parallel, memory B cells migrated less well toward 

CXCL13 than did follicle-residing naïve B cells or Tfh cells, with co-residence with 

PSGL-1hi PD-1hi CXCR5hi T cells at the T-B border. We observed that, in functional terms, 

PSGL-1hi PD-1hi CXCR5hi T cells more robustly promoted Ig production upon co-culture 

with memory B cells than did Tfh cells, while the latter more strongly drove GC B cells 

toward Ig production. PSGL-1hi PD-1hi CXCR5hi T cells also had enhanced expression of 

genes comprising the E2F pathway, with Ki-67 staining revealing that they were more 

proliferative than Tfh cells. Tfh cells in general do not proliferate as well as other CD4+ T 

effector cells (84); since they expressed more PD-1 in our hands than PSGL-1hi PD-1hi 

CXCR5hi T cells (Fig. 3), the greater proliferative capacity of the latter cells might well be 

explained by the PD-1 inhibition of phosphorylation of retinoblastoma gene products, which 

suppress expression of E2F target genes (85). However, despite functional and geographical 

differences between PSGL-1hi PD-1hi CXCR5hi T cells and Tfh cells, we do not exclude the 

possibility that PSGL-1hi PD-1hi CXCR5hi T cells might be a transitory state in the Tfh 

differentiation program.
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Human tonsillar CD4+ T cells that lack canonical markers of Tfh cells but that nonetheless 

provide help for B cell maturation to Ig production in vitro have been previously identified 

(11, 53). Are these cells distinct from the PSGL-1hi PD-1hi CXCR5hi T cells we describe? 

Ma and colleagues showed that tonsillar CD4+ CXCR5int T cells, stimulated with anti-CD3 

and anti-CD28 antibodies for 8 days, promote naïve B cell maturation via IL-21 and ICOS 

(11). Although the gating strategy used in this work is distinct from that we employed, the 

described cells had low expression of PD-1 and CXCR5, along with modest production of 

IL-10 and IL-21, suggesting the CD4+ CXCR5int T cells are distinct from PSGL-1hi PD-1hi 

CXCR5hi T cells dissected herein. More recent work from Bentebibel and colleagues 

characterized tonsillar CD4+ ICOSlo CXCR5lo T cells that are specialized for B cell help at 

extrafollicular foci, driving naïve B cells to produce Ig to a greater degree than other CD4+ T 

cells subsets, help that was dependent upon ICOS, CD40L, IL-10, and IL-21 (53). These 

cells are located outside GCs and express BCL6 transcripts, albeit with minimal protein 

expression. Although these CD4+ ICOSlo CXCR5lo T cells share functional similarities with 

the PSGL-1hi PD-1hi CXCR5hi T cells we describe, the former appear specialized for 

promoting maturation of naïve B cells by contrast to the robust memory B cell help provided 

by PSGL-1hi PD-1hi CXCR5hi T cells in our hands. These differences might be attributable 

to differences between in vitro coculture systems - Bentebibel et al. cocultured T and B cells 

in the presence of staphylococcal enterotoxin for 8 days, whereas we cultured cells for only 

5 days without addition of exogenous stimuli (84). Moreover, the PSGL-1hi PD-1hi 

CXCR5hi T cells we found are present alongside memory B cells at the tonsillar T-B border, 

while CD4+ ICOSlo CXCR5lo T cells are located mainly in the T cell zone (53). The latter 

also did not express BCL6 by flow cytometry in contrast to PSGL-1hi PD-1hi CXCR5hi T 

cells. Thus, it appears that the latter cells discussed herein are distinct from CD4+ ICOSlo 

CXCR5lo T cells phenotypically and geographically, as well as functionally. Nevertheless, 

because confocal images can distinguish only PD-1+ and PD-1−, the former cells at the T-B 

border might also include CD4+ ICOSlo CXCR5lo T cells. Further studies are needed to 

distinguish PSGL-1hi PD-1hi CXCR5hi T cells and CD4+ ICOSlo CXCR5lo T cells.

What is the relationship of tonsillar PSGL-1hi PD-1hi CXCR5hi T cells to circulating CD4+ 

CXCR5+ central memory T cells that promote maturation of naïve and memory B cells into 

AFCs via CD40L, IL-10, IL-21 and ICOS (86, 87)? Circulating CD4+ PD-1+ CXCR5+ 

central memory T cells from humans drive memory B cells to Ig secretion upon in vitro 
recall, leading to production of protective antibodies in the setting of HIV infection (52) and 

following influenza vaccination (88). Work in mice offers parallels, with in vivo studies 

describing emergence of CD4+ CXCR5+ central memory T cells after infection with 

lymphocytic choriomenigitis virus (LCMV) (42) or Listeria monocytogenes (40), which 

upon adoptive transfer locate to T cell zone in secondary lymphoid organs. After 

rechallenge, such cells preferentially assume a Tfh cell phenotype, gaining expression of 

PD-1, ICOS, and Bcl6, suggesting that PSGL-1hi PD-1hi CXCR5hi T cells arise from CD4+ 

CXCR5+ central memory T cells in vivo. Likewise, murine CD4+ CXCR5+ central memory 

T cells upregulate Bcl6 upon cognate interaction with memory B cells in a TCR:peptide-

MHCII dependent manner at the T-B border, which in turn, provide potent help for 

differentiation into AFCs (89). Based upon these findings, we speculate that when CD4+ 

CXCR5+ central memory T cells are generated during the primary immune response, they 
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enter secondary lymphoid organs within the T cell zone, migrating upon recall toward the T-

B border for interaction with memory B cells.

An additional question raised by our studies is the fate of PSGL-1hi PD-1hi CXCR5hi T 

cells. He et al. (91) described circulating CD4+ CCR7lo PD-1hi CXCR5+ T cells in humans 

and mice that promoted antibody responses upon rechallenge. These cells also emerged in 

SLAM-associated protein (SAP)–deficient mice after immunization and patients with X-

linked lymphoproliferative disease due to mutation of SH2D1A gene, suggesting an 

extrafollicular origin, given the critical role of SAP in Tfh differentiation and GC formation 

(90–93). Recently, Bentebibel et al. observed that influenza-specific CD4+ PD-1++ CXCR5+ 

CXCR3+ ICOS+ cells, capable of IL-10 and IL-21-dependent memory B cell help, emerge in 

the circulation after seasonal flu vaccination (75). Although these cells do not appear to 

represent bona fide PSGL-1hi PD-1hi CXCR5hi T cells as they are BCL6lo, they do share 

features with the latter, including surface marker expression, cytokine profiles, and the 

ability to promote memory B cell maturation toward AFCs, and therefore are candidates to 

represent the circulating progeny of PSGL-1hi PD-1hi CXCR5hi T cells that arise upon Ag 

stimulation (93).

In conclusion, we have identified a population of tonsillar B helper T cells that promote 

maturation of memory B cells in a cytokine- and contact-dependent manner, with 

localization in at the T-B border. They are distinct from classical follicular-resident Tfh cells, 

and likely play an important role in humoral recall responses in humans. Further 

characterization of these cells should expand our knowledge of human immune memory 

responses, and help guide development of more effective vaccines.
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Fig. 1. PSGL-1hi CD4+ T cells are located in the T cell zone
(A) PSGL-1 (red), IgD (green), and CD4 (blue) staining of human tonsils. TZ: T cell zone, 

F: follicular mantle, GC: germinal center. GC CD4+ T cells are shown in orange dots. Scale 

bar = 50 μm. (B) Cells in boxes are magnified. The PSGL-1hi CD4+ T cell is indicated by an 

arrowhead and PSGL-1lo CD4+ T cells are indicated by arrows. (C) PSGL-1hi CD4+ T and 

PSGL-1lo CD4+ T cells were quantified in the T cell zone, follicular mantle, and GCs. N = 

10 different images from 7 tonsils. One-way ANOVA test. Bars indicate the mean and the 

SD. *P < 0.05, ***P < 0.001. TZ: T cell zone, F: follicular mantle, GC: germinal center.
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Fig. 2. Extrafollicular tonsillar CD4+ T cells express canonical markers of human Tfh cells
(A) Gating of tonsillar CD4+ T cells. Representative plots from twelve independent 

experiments. Shaded gray histograms indicate PSGL-1 expression on CD45RA+ naïve CD4+ 

T cells. (B) Expression of surface or intracellular proteins on CD45RA+ naïve, PD-1lo 

CXCR5lo CD4+ T cells, follicular helper T (Tfh), and PSGL-1hi PD-1hi CXCR5hi CD4+ T 

cells. Mean fluorescence intensity is shown on the right upper corner of each plot. All 

markers except CD40L were stained without cellular stimulation. Shaded gray histograms 

indicate expression of markers on CD45RA+ naïve CD4+ T cells as a control.
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Fig. 3. PSGL-1hi PD-1hi CXCR5hi T cells exhibit unique patterns of gene expression and 
cytokine profiles in comparison to Tfh cells
(A) Differentially expressed genes (FDR P < 0.05, log2 fold change > 0.5) between the 4 cell 

populations were identified in a series of pair wise analyses. The numbers of differentially 

expressed genes between the indicated cell population and PSGL-1hi PD-1hi CXCR5hi T 

cells and patterns of overlap are shown in Venn diagram format. Tfh: follicular helper T, 

Tem: effector memory cells. (B) Heat map of cell cycle genes (gene ontology (GO): 

0022403). Columns represent 9 replicates of Tfh and PSGL-1hi PD-1hi CXCR5hi T cells. 
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(C) Ki67 intracellular staining of Tfh and PSGL-1hi PD-1hi CXCR5hi T cells. Representative 

plots from eight independent experiments (left panel) and percentage of Ki67+ cells in Tfh 

and PSGL-1hi PD-1hi CXCR5hi T cell populations (right panel) are shown. Bars indicate the 

mean. n=8, paired t test, **P < 0.01. (D) Heat map of relevant genes differentially expressed 

between Tfh and PSGL-1hi PD-1hi CXCR5hi T cells (FDR P < 0.05, log2 fold change > 0.5). 

Columns represent 9 replicates of either Tfh or PSGL-1hi PD-1hi CXCR5hi T cells. (E) 
Quantitative PCR analysis of key transcription factors and canonical Tfh cell markers. 

Adjusted by expression of housekeeping gene (ACTIN). N = 4 or 5, One-way ANOVA test. 

*P < 0.05, **P < 0.01, ***P < 0.001. Bars indicate the mean and the SD. (F) Expression of 

PD-1, CD40L, CXCR3, IL-2RA, BCL6, and BLIMP-1 on Tfh and PSGL-1hi PD-1hi 

CXCR5hi T cells. The Y-axis represents the ratio of mean fluorescence intensities (MFI) to 

those of naïve CD45RA+ T cells. N = 5 or 6, paired t-test. *P < 0.05, **P < 0.01, ***P < 
0.001. Bars indicate the mean and the SD. (G) Cytokine profile of CD4+ T cell subsets. 

Cytokines were measured after 6 hour-stimulation with PMA and ionomycin. N = 6 or more, 

One-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001. Bars indicate the mean and the 

SD. Tfh: follicular helper T cells.
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Fig. 4. PSGL-1hi PD-1hi CXCR5hi T cells promote memory B cell maturation to Ig production 
via contact and cytokines
(A) Tonsillar CD45RA+ naïve, non-Tfh effectors, Tfh, and PSGL-1hi PD-1hi CXCR5hi T 

cells were cocultured with either autologous memory or GC B cells without exogenous 

stimulation. Immunoglobulins (Igs) were measured by ELISA 5 days after T-B coculture. N 

≥ 7. One-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001. Bars indicate the mean 

and SD. (B) Anti-CD40L or anti-ICOS ligand antibodies were added to T cell plus memory 

B cell cocultures in the presence of anti-CD3 and anti-CD28 for 5 days. Representative data 
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from three independent experiments. One-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 

0.001. Bars indicate the mean and the SD. (C) Indicated dose of anti-IL-10 antibody was 

added to T cell plus memory B cell cocultures in the presence of anti-CD3 and anti-CD28 

for 5 days. Representative data from three independent experiments. One-way ANOVA test. 

**P < 0.01. Bars indicate the mean and the SD. (D) Anti-IL-10 (1 μg/ml) antibody and/or 

IL-21R-Fc (1 μg/ml) protein were added to T cell plus memory B cell cocultures in the 

presence of anti-CD3 and anti-CD28 for 5 days. IgG amounts in supernatants are shown. 

Representative data from two independent experiments. One-way ANOVA test. *P < 0.05, 

***P < 0.001. Bars indicate the mean and the SD. (E) 5x104/well of sorted PSGL-1hi PD-1hi 

CXCR5hi T cells and autologous CD4-depleted cells were cocultured in the absence or 

presence of flu vaccine for 18 hours, or stimulated with PMA plus ionomycin for 4 hours. 

Golgi plug (BD) was added to each condition for last 2 hours of stimulation. CD40L 

intracellular staining was performed after stimulation. Far right panel showed CD40L+ 

cells/106 sorted CD4 cells. N = 4 different tonsils, paired t-test, *P < 0.05, ***P < 0.001. 

Bars indicate the mean.
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Fig. 5. Memory B cells and PSGL-1hi PD-1hi CXCR5hi cells are enriched at the tonsillar T-B 
border
(A) CD27 (red), CD19 (green), and CD38 (blue) confocal staining. Arrows in merged 

picture indicate CD19+ CD27hi CD38− (yellow) cells. Cells in the box are magnified on top 

upper right. Scale bar = 50 μm. (B) PSGL-1 (red), CD19 (green), and PD-1 (blue) confocal 

staining. Arrows in merged picture indicates CD19− PSGL-1hi PD-1hi (purple) cells. Cells in 

the box are magnified on top upper right. Scale bar = 50 μm. (C) Numbers of CD19+ CD27hi 

CD38− cells (left panel) and CD19− PSGL-1hi PD-1hi (middle panel) cells per mm2 in 
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indicated anatomic regions. Two graphs are merged (right panel). GC: germinal center, F: 

follicular mantle, T-B border: Border of the T cell zone and B cell follicle, TZ: T cell zone, 

SE: subepithelial area. Left panel: N = 13 images from 3 different tonsils, except the 

subepithelial area, in which N = 9. Middle panel; N = 11 images from 3 different tonsils, 

except subepithelial area, in which N = 6. One-way ANOVA test. ***P < 0.001. Bars 

indicate the mean. (D) Two left panels: IgD (red), CD19 (green), CD27 (blue) confocal 

staining. Boxed area in left panel magnified in next panel, where arrows indicate CD19+ 

CD27hi IgD− (light blue) cells. Two right panels: PSGL-1 (red), CD19 (green), PD-1 (blue) 

confocal staining. Boxed area magnified in next panel, where arrows indicate CD19− 

PSGL-1hi PD-1hi (purple) cells. Scale bar = 50 μm.
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Fig. 6. Location of PSGL-1hi PD-1hi CXCR5hi T and memory B cells is dictated by signaling via 
CCR7, PSGL-1, EBI2, and CXCR5
(A) Expression of CCR7, PSGL-1, GPR183, and CXCR5 on Tfh and PSGL-1hi PD-1hi 

CXCR5hi T cells. Y-axis represents ratio of mean fluorescence intensities (MFI; CCR7, 

PSGL-1, and CXCR5) or gene expression (GPR183) compared to naïve CD45RA+ T cells. 

N = 6 or 7, paired t-test. *P < 0.05, **P < 0.01, ***P < 0.001. Bars indicate the mean. Tfh: T 

follicular helper T cells. (B) Ratio of migrated cells in response to indicated chemokines 

compared to migration in absence of chemokines. N = 10 from 6 different tonsils (CCL19 
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and CCL21), or from 5 different tonsils (CXCL13). One-way ANOVA test. *P < 0.05, ***P 
< 0.001. Bars indicate the mean. Tfh: follicular helper T cells. (C) Upper panels: Ratio (left) 

and cell numbers (right) of migrated cells in response to CCL19 and CCL21 with or without 

pretreatment of anti-CCR7 and/or anti-PSGL-1 antibodies. Cell numbers are representative 

of six (upper panel) independent experiments. Lower panels: ratio (left) and cell number 

(right) of migrated cells in response to CCL19 and CCL21 and/or oxysterol. Cell numbers 

are representative of four independent experiments. One-way ANOVA test. *P < 0.05, **P < 

0.01, ***P < 0.001. Bars indicate the mean and the SD. (D) Expression of CCR7, PSGL-1, 

GPR183, and CXCR5 by naïve and memory B cells. Y-axis represents ratio of MFI or gene 

expression to those of GC B cells. N = 9 for MFI, 4 for gene expression. Paired t-test. **P < 

0.01, ***P < 0.001. Bars indicate the mean. (E) Ratio of migrated cells in response to 

CCL19 and CCL21 and/or oxysterol (left) or CXCL13 (right). N = 10 or more from 3 

different tonsils, paired t-test (right). *P < 0.05, **P < 0.01. Bars indicate the mean.
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