


Figure 4. PD-1* and PD-1N8 Tfr cells suppress antibody responses in vitro. (A) Flow cytometry plots showing the percentage of cells producing IL-10 or
IL-21 within the indicated populations. All cells were first gated on live CD4*CD45RA" T cells (not depicted), then CXCR5 and PD-1, and followed by FOXP3 and
CD25. LMNCs were activated with PMA/ionomycin. Unstimulated controls were used to draw cytokine gates. Percentage of IL-10 (B) or IL-21 (C) producing cells
within T cell subsets as determined by flow cytometry and gated in A. Data are pooled from three similar experiments, n = 14 subjects. (D) CD40L flow cytometry
histograms. (E) Percentage of T cells that are CD40L* based on gates drawn on unstimulated controls. Data are pooled from two similar experiments, n = 10
subjects. Analysis of 1gG (F) or IgA (G) secretion by ELISA after stimulation with SEB in coculture with a 3:1 ratio of Tfh cells and B cells or 3:1:1 ratio of sorted Tfh
cells, PD-1* Tfr cells, and B cells for 7 d; n = 19 subjects (F) or n = 6 subjects (G). (H) IgG secretion from Tfh cell-free coculture experiments using mitogen-ac-
tivated B cells with or without PD-1* Tfr cells at a 1:1 ratio; n = 5. (1) IgG secretion using sorted Tfh, PD-1* Tfr cells, PD-1Ne8 Tfr cells, or Treg cells at indicated
ratios for 7 d n = 6-10 subjects. Not depicted: Differences between the “Tth + B” and all other groups were highly significant. For F-I, antibody concentrations
are expressed as a percentage of the corresponding “Tth + B” group titers. Paired t tests; mean + SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

TCR signaling (Mempel et al., 2006; Liu et al., 2015). Further-  Tth cells (Sage et al., 2016). Of note, Tfr-mediated suppression
more, Sage et al. demonstrated that mouse Tfr cells allowed ini-  resulted in sustained inhibition and epigenetic changes in B cells,
tial activation of B cells, marked by up-regulation of CD69, but  supporting our interpretation that Tfr cells do not need to physi-
suppressed downstream effector responses in both B cells and  cally reside in the GC to modulate antibody production.
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Figure 5. Location and phenotype of Tfr cell contacts in situ. (A) Images of mLN sections depicting the phenotype and close cellular contacts of Tfr cells
(arrowheads) at the T-B border, B cell follicle, or GC. Pie graphs denote the phenotype of the cells in direct contact with Tfr cells. Color legend is the same as
in C. (B) Percentage of CD69* Tfrs of total Tfr cells per LN region. Data are pooled from three to five follicles per LN from three subjects; n = 12; mean + SEM.
(C) Phenotype of cells in direct contact with CD69* or CD69-Tfr cells at the T-B border, B cell follicle, or GC. Data are plotted as mean percentages of cell con-
tacts. Number of Tfr cells examined per phenotype and LN region is denoted underneath each pie chart. Paired t tests; **, P < 0.01; ****, P < 0.0001.

In summary, our data provide a detailed description of the
spatial distribution, functional characteristics, and suppressive
capacity of Tfr cells in human LNs. In addition to identifying a
population of PD-1Ne8 Tfr cells, our imaging and flow cytometry
studies demonstrate that Tth cells far outnumber Tfr cells, espe-
cially in the GCs. The enrichment of CD69* Tfr cells at the T-B
border and the ability of these cells to express GARP, a protein
critical for the surface expression of latent TGF-f in activated
human Treg cells (Tran et al., 2009), suggest that Tfr cells may
modulate the antibody response in a TGF-B-dependent manner
at this anatomical site. It is noteworthy that TGF-f signaling in
T cells has been shown to prevent Tth accumulation in the folli-
cles and autoantibody production in mouse studies (McCarron
and Marie, 2014). We speculate that CD69 expression, along with
CXCR5, enables activated Tfr cells to be maintained at the T-B
and GC-mantle borders, where they act as immunosuppressive
gatekeepers to restrict differentiation, entry, and function of Tth
and B cells in reactive LNs. Our findings challenge the widely
held paradigm that Tfr cells function within the GC and instead
suggest a model where Tfr cells regulate the humoral immune
response from the “outside in.” Because of their discrete local-
ization at the T-B border, we propose the nomenclature Tfr-T/B
to distinguish these cells from intrafollicular Tfr cells while
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acknowledging that live imaging studies are required to assess
the in vivo behavior of Tfr-T/B cells.

Materials and methods

LNs and cells

mLNs were obtained as discarded tissue in nonmalignancy sur-
geries from the Cleveland Clinic and University Hospitals of
Cleveland. The LNs were crushed and filtered using 75-um cell
strainers. LNs were obtained and processed on the same day and
cryopreserved in liquid nitrogen. The project was reviewed and
approved by the University Hospitals Cleveland Medical Cen-
ter and Cleveland Clinic Institutional Review Boards. Blood was
obtained to make peripheral blood mononuclear cells and subse-
quently B cells from healthy subjects (University Hospitals Cleve-
land Medical Center Institutional Review Board No. 07-07-22). All
samples were obtained after informed consent except the deiden-
tified, discarded tissue samples that were deemed exempt human
research by the Institutional Review Board. Confocal microscopy
and histo-cytometry data were calculated from seven mLNs from
five different subjects. Flow cytometry, RT-PCR, and cell suppres-
sion assay data were obtained from mLNs from 50 subjects. In
total, mLNs from 55 different subjects were examined.
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Immunohistochemistry and confocal microscopy

mLNs were harvested and fixed with CytoFix/CytoPerm (BD
Biosciences) diluted in PBS (1:4) for 5 d. After fixation, tissues
were washed for 2 d in PBS and incubated in 30% sucrose for
5 d before embedding in OCT compound (Tissue-Tek). 30-pm
sections were cut on a CM3050S cryostat (Leica) and adhered
to Super Frost Plus Gold slides (Electron Microscopy Services).
Frozen sections were permeabilized and blocked for 1-2 h in
PBS containing 0.3% Triton X-100 (Sigma-Aldrich), 1% bovine
serum albumin, and 1% human Fc block. Sections were stained
with directly conjugated antibodies for 12 h at 4°C in a humidity
chamber in the dark. The following antibodies were used for
confocal imaging of human mLNs: anti-BCL6 (K112-91; BD
Biosciences), anti-CD3 (UCHTY; BioLegend), anti-CD4 (polyclonal
goat; R&D), anti-CD20 (L26; eBioscience), anti-CD25 (CD25-4E3;
eBioscience), anti-CD35 (E11; BioLegend), anti-CXCRS (RF8B2; BD
Biosciences), anti-CD69 (FN50; BioLegend), anti-FOXP3 (236A/
E7; eBioscience), anti-Ki-67 (B56; BD Biosciences), and anti-PD-1
(EH12.2H7; BioLegend). Cell nuclei were visualized with JOJO-1
(Thermo Fisher Scientific). Stained slides were mounted with
Fluoromount G (eBioscience) and sealed with a glass coverslip.
Representative sections from different mLNs were acquired using
a SP8 confocal microscope (Leica) equipped with a 40x objective
(NA 1.3), two HyD and three photomultiplier tube detectors, and
six lasers (UV, Argon, DPSS 561, OHeNe, HeNe, and 690 Diode)
capable of nine excitation wavelengths (405, 458, 476, 488, 514,
561, 594, 633, and 690 nm). All images were captured at an 8-bit
depth, with a line average of 3, and 1,024 x 1,024 format with the
following pixel dimensions: x (0.284-0.378 pm), y (0.284-0.378
pm), and z (1-1.25 um).

Histo-cytometry

For histo-cytometric analysis of Tfh and Tfr cells, a seven- to
eight-color panel was developed consisting of the following flu-
orophores: BV421, BV510, AF488, JOJO-1, PE, AF594, AF647, and
AF700. Fluorophore emission was collected on separate detec-
tors with sequential laser excitation of compatible fluorophores
(three to four per sequential) used to minimize spectral spill-
over. The Channel Dye Separation module within the LASX 1.6
software (Leica) was then used to correct for any residual spill-
over. Threshold identification, voxel gating, surface creation,
and masking were performed as previously described (Gerner
et al., 2012, 2015; Liu et al., 2015; Radtke et al., 2015). For pub-
lication quality images, Gaussian filters, brightness/contrast
adjustments, and channel masks were applied uniformly to all
images. Images are presented as maximum intensity projections
of tiled z-stacks. Histo-cytometric quantification of cell surfaces
was based on images with unadjusted gamma values. Cells were
segmented on JOJO-1* nuclei and used to create surfaces. Chan-
nel statistics for all surfaces were exported into Excel (Micro-
soft) and converted to a csv file for direct visualization in Flow]Jo
v10.1r5 (Treestar). Mean voxel intensities for all channels were
plotted and used for gating distinct lymphocyte populations. The
T-Bborder was defined as the region extending 50 pm around the
B cell follicle. B cell follicle and GC gates were defined using posi-
tional data on the CD20* and BCL6*/Ki-67* surfaces, respectively.
To calculate the density of Tfr cells per GC region, the surface
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function in Imaris was used to create volumetric surfaces. The
number of Tfr cells was then divided by the volumes obtained
from these regions. The measurement tool in Imaris was used
to calculate the distance from the Tfr centroid to the GC-mantle
border. CXCR5 levels were normalized to CXCR5 expression on T
cellsin the T cell area to control for variations in laser intensities
resulting from image acquisitions on separate days. Tfr-cell con-
tacts were defined as cells in direct contact with Tfr cells based on
voxel overlap of membrane stains. Cell phenotypes were defined
using fluorescence intensities above background for the CD3,
CD20, CD25, CD69, FOXP3, Ki-67, and PD-1 channels. If a partic-
ular Tfr cell was found to be in contact with two CD3* cells, one
CD3*PD-1* cell, and three CD20* cells, then its cell contacts would
be 33.3% CD3*, 16.7% CD3*PD-1*, and 50% CD20*. These percent-
ages were averaged across Tfr cells per respective region and
used to compute the pie charts in Fig. 5. Ki67*CD3* or CD25*CD3*
cells were placed into the CD3* bin, whereas CD69*Ki-67*CD3* or
CD69*CD25*CD3* cells were placed into the CD3*CD69* bin. All
of these subsets were present at low frequencies. Ki-67* Tfr cells
represented only 4% of the total Tfrs examined (25/621) with 92%
of these observed from one subject.

Flow cytometry

mLNs were thawed and stained for surface and intracellular
markers. The following antibodies and dyes were used: Aqua
LIVE/DEAD (Invitrogen); anti-CD27 AF700 (0323; BioLegend)
or BV711 (M-T271; BD Biosciences); anti-PD-1 BV421 (EH12.2H7;
BioLegend), anti-CD4 APC/Cy7 (RPA-T4; BioLegend), or BV650
(SK3; BD Biosciences); anti-CXCR5 PE/Dazzle (J252D4; BioLeg-
end); anti-CD39 FITC (Al; BioLegend); anti-CD45RA BV650 or
FITC (HI100; BD Biosciences); anti-CD25 PE/Cy7 or BV605 (BC96;
BioLegend); anti-CD3 BUV395 (UCHTL; BD Biosciences); anti-
ICOS BV711 (DX29; BD Biosciences); anti-CTLA-4 PE/Cy5 (BNI3;
BD Biosciences); anti-CD69 APC/Fire 750 (FN50; BioLegend);
anti-GARP PE/Cy?7 (7B11; BioLegend); anti-CD38 AF700 (HIT2;
eBioscience); anti-FOXP3 PE (259D/C7; BD Biosciences) or APC
(PCH101; eBioscience); anti-BCL6 AF647 (K112-91; BD Biosci-
ences); anti-IL-10 PE-Dazzle (JES3-9D7; BioLegend); anti-IL-21
AF647 (3A3-N2.1; BD Biosciences); and anti-CD40L BV421 (21-34;
BioLegend). For phenotypic characterization experiments, per-
meabilization was performed using the FOXP3 Fixation/Perme-
abilization Concentrate and Diluent kit (eBioscience), and intra-
cellular stainings were done. For IL-10 and IL-21 staining, LN cell
suspensions were stimulated for 4.5 h in the presence of PMA/
ionomycin (50 ng/ml and 1 pg/ml, respectively) or left unstimu-
lated as a control in RPMI 1640 medium supplemented with 10%
FCS. Monensin (BD Biosciences) was added at the beginning of
stimulation. Cells were fixed for 60 s with 1% paraformaldehyde
before permeabilization with the FOXP3 Fixation/Permeabi-
lization Concentrate and Diluent kit, followed by intracellular
staining for 1 h. Cells were resuspended in 1% paraformaldehyde
until acquisition on a Fortessa or Symphony A5 cytometer (BD
Biosciences) and analyzed using FlowJo.

For Fig. 2 (D and E), Fig. S1 (H, J, and K), and Fig. S3, live
CD45RA" cells were defined as follows: PD-1"tTth (CXCR5*PD-1t-
CD25"FOXP3-), PD-1¥i Tfh (CXCR5*PD-1%iCD25-FOXP3-),
PD-1N¢ Tfr (CXCR5'PD-1-CD25'FOXP3*), PD-11»t Tfr
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(CXCR5*PD-1'"CD25*FOXP3*), PD-1#! Tfr (CXCR5*PD-1Hi
CD25*FOXP3*), Treg (CXCR5 PD-1-CD25*FOXP3*), and naive
T cells (CD45RA*CXCR5-CD25"FOXP3-). In Fig. 3 (D and E)
and Fig. 4 (A-E), T cell subsets were defined as above except
for Tfh (CXCR5*PD-1Y/HiCD25-FOXP3") and PD-1* Tfr cells
(CXCR5*PD-1"Y/HiCD25*FOXP3"). For Fig. 3 (A-C), Fig. 4 (F-1),
and Fig. S2, CD45RA" cells were live-sorted based on the
following marker expression: PD-1* Tfr (CXCR5*PD-1nt/Hi
CD25'CD39*), PD-1Ne¢ Tfr (CXCR5*PD-1Ne¢CD25*CD39*), Tfth
(CXCR5*PD-1"HiCD25-CD39"), and Treg cell (CXCR5PD-1-
CD25*CD39*). The majority (>86%) of CD25*CD39* T cells isolated
using this gating strategy were FOXP3*.

Real-time quantitative RT-PCR

RNA was first isolated from sorted cell populations using
the RNeasy Micro Plus kit (Qiagen). Then, each sample was
reverse-transcribed using Reverse Transcription Mastermix
(Fluidigm). cDNA was amplified with 15 cycles of specific
target preamplification using the Fluidigm Pre-Amp Master
Mix and the full complement of primers. Preamplified samples
were subjected to an exonuclease reaction, using Exonuclease
I and Exonuclease I Reaction Buffer (New England Biolabs).
Samples were then diluted 1:5 with TE buffer (Thermo Fisher
Scientific). An aliquot of each of the diluted, preamplified
samples was then mixed with SsoFast EvaGreen Supermix
with Low Rox (Bio-Rad) and DNA Binding Dye Sample Loading
Reagent (Fluidigm). Assays were prepared using 100-pM
primers combined with 2x Assay Loading Reagent (Fluidigm)
and DNA suspension buffer (TEKnova), for a final primer
concentration of 5 pM. Samples and assays were plated into
a primed Biomark 96.96 quantitative PCR DynamicArray
microfluidic chip, and quantitative PCR was run on the
Biomark HD system.

B cell coculture assays

Sorted CD4* T cell subsets were plated with purified allogeneic
naive B cells (Naive B cell Isolation kit; STEMCELL Technologies)
in a 3:1 ratio and cocultured for 7 d in the presence or absence of
SEB (0.1 pg/ml; Toxin Technology Inc.). The B cells were from
a single stock of purified naive B cells to allow for a consistent
readout of Tfh and Tfr activity on antibody production. Because
allogeneic B cells were used, the mitogen SEB was used to induce
a signal substantially above the allogeneic reaction alone. The
coculture system with just the allogeneic stimulus alone (no
SEB) results in <5% IgG levels. A low dose of SEB was selected
because our preliminary experiments demonstrated that this
concentration induced a subplateau amount of antibody produc-
tion, thus allowing for a greater window of Tfr-mediated effects
on the Tth and B cell response. Different ratios of Tth/Tfr cells
(3:1 and 9:1) were used, but B/Tfh cell ratios were kept constant.
For quantification of antibody production in vitro, total IgG was
quantified in culture supernatants with a total anti-IgG capture
antibody (1010-01; Southern Biotech) and alkaline phosphatase-
conjugated anti-total IgG detection antibody (1030-04; Southern
Biotech). In control experiments, appreciable IgG levels were not
detected in coculture experiments without Tth cells. In addition,
the following conditions generated IgG titers below the level
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of detection: PD-1* Tfr + SEB-stimulated B cells, nonfollicular
CXCR5-CD45RA-CD4" T cells + SEB-stimulated B cells, nonfollic-
ular CXCR5-CD45RA*CD4"* T cells + SEB-stimulated B cells, Tth +
B cells (no SEB), and SEB-stimulated B cells alone (n > 3 subjects).

For T cell-free B cell stimulation, purified allogeneic naive
B cells were cultured with anti-IgM/IgG (1 pg/ml; Jackson
Immunoresearch), recombinant CD40L (5 pg/ml; BioLegend),
20 ng/ml IL-4 (Peprotech), and 40 ng/ml IL-21 (Peprotech)
for 7 d. Sorted regulatory cell subsets were incubated at a
1:1 ratio with activated allogeneic naive B cells for 7 d in the
presence of SEB (0.5 pg/ml). Total IgG was quantified in
culture supernatants with AffiniPure F(ab’)2 Fragment goat
anti-human IgG + IgM (H+L; Jackson ImmunoResearch) and
biotin-conjugated anti-total IgG detection antibody (Jackson
ImmunoResearch). To avoid potential “masking” artifacts
resulting from stimulation and detection with an anti-IgG
antibody, normalized and not absolute IgG titers were reported
(Fig. 4 H). IgA was quantified using IgA human ELISA kits
(Thermo Fisher Scientific).

Statistical analysis

Statistical analysis was performed using Prism 7 (GraphPad).
Differences between two groups were compared using paired t
tests or Wilcoxon matched-pairs signed rank tests for nonnormal
distributions (ns; *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****,
P < 0.0001). All figures show the mean + SEM unless otherwise
noted. For quantification of the imaging data, each symbol
represents a LN region comprised of a GC, B cell follicle, T-B
border, and 50 um region including the T cell zone. Differences
between groups were not significant unless stated otherwise.

Online supplemental information

Fig. S1 provides data on the proportion of CD3*CD25*FOXP3*
cells that are CD4*, BCL6*, and CD25%, the distribution of Tfr
cells in the LZ and DZ of the GC, the frequency and location of
PD-1-expressing Tth and Tfr cells, and the expression of EBI2
among Tfh and Tfr cells. Fig. S2 shows a heat map and RT-PCR
data comparing the gene expression profiles of Treg, Tth, and
Tfr cells. Fig. S3 includes data on the surface expression of CD38,
CTLA-4, and GARP among various CD4* T cell populations.
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