Identification of T follicular helper (Tfh) cells by flow
cytometry
Dirk Baumjohann (  dirk.baumjohann@med.uni-muenchen.de )
Department of Microbiology & Immunology, Sandler Asthma Basic Research Center, University of
California, San Francisco (UCSF), San Francisco, California, USA
K. Mark Ansel
Department of Microbiology & Immunology, Sandler Asthma Basic Research Center, University of
California, San Francisco (UCSF), San Francisco, California, USA

Method Article
Keywords: T follicular helper cell, follicular helper T cell, Tfh cell, T follicular helper cells, follicular helper T
cells, Tfh cells, BCL6, Bcl-6, PD-1, CXCR5, flow cytometry, FACS, sorting
Posted Date: June 18th, 2013
DOI: https://doi.org/10.1038/protex.2013.060
License:   This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/10

Abstract
T follicular helper \(Tfh) cells are the main T helper \(Th) cell subset that provides help to B cells,
supporting germinal center induction, affinity maturation, and generation of memory B cells and longlived plasma cells. Recently, Tfh cells and Tfh-like transition states have also been implicated in the
generation of other Th cell subsets, including Th1 and memory Th cells. Tfh cells are generally
characterized by their expression of the chemokine receptor CXCR5, the transcription factor BCL6, and the
inhibitory molecule PD-1. Here we provide a simple and reliable optimized staining protocol for the
identification of murine Tfh cells by flow cytometry. Stained cells can be analyzed directly by flow
cytometry. Tfh cell sorting for use in downstream applications is also possible using CXCR5 and PD-1
staining, but intracellular staining for BCL6 is not compatible with live cell recovery.

Introduction
T follicular helper \(Tfh) cells represent the prototypical CD4+ T helper \(Th) cell subset that coordinates
humoral immune responses through the induction and regulation of the germinal center \(GC) response1.
In GCs, affinity maturation and class-switch recombination of antigen-specific B cells lead to the
production of high-affinity antibodies and the generation of memory B cells and long-lived plasma cells2.
Tfh cell differentiation begins very early during an adaptive immune response3. Naïve CD4+ T cells, which
reside in the T cell zones of secondary lymphoid organs, such as lymph nodes and spleen, become
activated by antigen-presenting dendritic cells. Activated Th cells upregulate the transcription factor BCL6
\(Ref. 4), a transcriptional repressor that is necessary and sufficient for Tfh cell differentiation in vivo5-7.
Increased expression of the chemokine receptor CXCR5 \(Ref. 8), together with downmodulation of the
chemokine receptor CCR7 \(Ref. 9), then allows activated T cells to localize in close proximity of antigenspecifc B cells. At this stage, some activated B cells and CXCR5+BCL6+PD-1+ Tfh cells re-enter the follicle
to establish GCs. Tfh cells further mature in these organized anatomical structures, as evidenced by a
further increase in PD-1 and CXCR5 expression9,10. Continued interactions between GC B cells and Tfh
cells are then required for the maintenance of Tfh cells11,12. Interestingly, Tfh cells and Tfh-like transition
states have been shown to occur during the development of other Th cell subsets, particularly Th1
cells13,14 and memory Th cells15-20. Although CD4+CXCR5+ T cells are abundant in human blood, it
remains unclear if these cells are true Tfh cells or if they represent activated effector T cells or memory T
cells21. Tfh cell dysregulation can result in autoimmunity, and increased numbers of Tfh cells have been
observed in several human autoimmune diseases22-24. Moreover, Tfh cells have been implicated as a
major reservoir for HIV25-27 and infected patients exhibit impaired Tfh cell and B cell responses28. Here
we provide a simple and reliable staining protocol for the identification of murine Tfh cells by flow
cytometry \(**Figure 1**). A variety of protein markers have been used to characterize Tfh cells, including
ICOS, IL-21, and SLAM family members. However, a consensus view has emerged supporting the
definition of Tfh cells as CD4+ T cells that express CXCR5 together with high levels of PD-1 and BCL6.
Because of the limitations of available high-quality antibodies for staining of CXCR5 and BCL6 for flow
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cytometry and the importance of distinguishing cells with particularly high levels of CXCR5, PD-1 and
BCL6, optimized staining protocols are important for clear identification of Tfh cells. Using this protocol,
viable CXCR5hiPD-1hi Tfh cells can be easily stained within one hour. These cells can be analyzed or
sorted by flow cytometry for downstream applications such as qPCR, microarray, or adoptive transfer
experiments. Inclusion of BCL6 in the staining panel requires fixation and permeabilization of the cells
and takes an additional 75 minutes.

**Figure 1: Workflow for the identification of Tfh cells by flow

cytometry.**

Reagents
Phosphate buffered saline \(PBS), Mg2+/Ca2+-free 6mm Petri Dishes \(e.g. BD Falcon, cat. no. 351007)
Glass microscope slides with frosted ends \(e.g. from Fischer Scientific) Fine mesh, roughly 70µm pore
size \(custom made or e.g. BD Falcon, cat. no. 352350) 15 ml conical tubes \(e.g. BD Falcon, cat. no.
352196) 96-well round-bottom plates \(e.g. BD Falcon, cat. no. 353910) 1.5ml Eppendorf tubes 1.2ml
micro titer tubes \(e.g. Fischer Scientific, cat. no. 02-681-376) or 5ml polystyrene round-bottom tubes \
(e.g. BD Falcon, cat. no. 352008) Flow buffer: PBS, Mg2+/Ca2+-free 2% fetal calf serum \(FCS)/fetal
bovine serum \(FBS) 0.05% NaN3 \(leave out if viable cells are to be sorted for downstream applications)
2mM EDTA Viablility dyes for exclusion of dead cells in combination with regular surface staining: e.g. 7AAD \(eBioscience, cat. no. 00-6993-50) or propidium iodide \(PI) Fixable viablility dyes for exclusion of
dead cells in combination with intracellular BCL6 staining: e.g. Fixable Viability Dye eFluor® 780 \
(eBioscience, cat. no. 65-0865) Rat anti-mouse CD16/32 \(“Fc-block”, clone 2.4G2) Normal mouse serum
\(e.g. Thermo Scientific, cat. no. 31880) Normal rat serum \(e.g. Thermo Scientific, cat. no. 31888) Rat
anti mouse CD4 antibody \(clone RM4-5) Anti-mouse PD-1 antibody \(clone J43 or RMP1-30) Biotinconjugated rat anti-mouse CXCR5 antibody \(BD Biosciences, clone 2G8, cat. no. 551960) APCconjugated streptavidin. It is important to use a bright fluorophore; good alternatives include PE or
Brilliant Violet 421™ conjugates) Foxp3 / Transcription Factor Staining Buffer Set \(eBioscience, cat. no.
00-5523-00) containing Fixation/Permeabilization solution \(to be made up from concentrate & diluent)
as well as Permeabilization buffer \(10x). PE-conjugated mouse anti-human/mouse Bcl-6 antibody \(BD
Biosciences, clone K112-91, cat. no. 561522). Here it is also important to use a bright fluorophore; a good
alternative is the Alexa Fluor® 647 conjugate \(BD Biosciences, cat. no. 561525) If possible, non-CD4+ T
cells should be gated out by staining with additional antibodies \(CD8, B220, F4/80 etc.) that are
conjugated to the same fluorophore.

Equipment
Centrifuge for 5ml and 15ml tubes Table-top centrifuge for 1.5ml Eppendorf tubes Vortexer Flow
cytometer, e.g. LSR II or FACSCanto II \(BD Biosciences) for analysis only or FACSAria II \(BD
Biosciences) for analysis + sorting

Procedure
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**Preparation of single-cell suspension from murine secondary lymphoid tissues:** **1.** Prepare singlecell suspensions of murine secondary lymphoid tissues, e.g. lymph nodes or spleen, in PBS. One
convenient method is to gently disrupt the tissues between the frosted ends of microscope slides. Filter
cell suspension through fine mesh. Collect cells in 5ml or 15ml conical tubes. _Note: Tfh cells can be
assessed in other tissues as well. Pilot experiments should be performed to ensure that enzymatic
digestions needed to release single cell suspensions do not interfere with antibody detection of CXCR5,
PD-1 or BCL6._ **2.** Optional: Red blood cell lysis \(recommended for spleen). **3.** Spin down cells in
centrifuge, discard supernatant, and resuspend pellet in PBS. **4.** Count cells. **5.** Adjust cell
numbers with PBS and add ≤3x106 cells in 100µl per well of a 96-well round-bottom plate. **6.**
Continue with step **7** or step **17**. **Staining protocol for identification of viable CXCR5hiPD-1hi Tfh
cells for analysis and/or sorting:** **7.** Prepare primary antibody 2x mixes in flow buffer in 1.5ml
Eppendorf tubes. Calculate with 20µl volume to be added per well of the plate \(40µl final staining
volume). If several samples are to be stained, calculate the total volume needed by multiplying the
number of samples by the volume of the 2x mix to be added to each well of sample \(20µl), e.g. for 10
samples: 10x 20µl + 40µl extra void volume = 240µl. Include anti-CXCR5-biotin \(1:25 for 2x mix; final
dilution will be 1:50), anti-CD4, and anti-PD-1. Also prepare compensation control stains if necessary.
Keep tubes on ice until needed. _Note: Optimal dilutions of antibodies should be determined in pilot
experiments. B cells express high levels of CXCR5 and can be used as a positive control for this
chemokine._ _Note: Right before use, spin tubes in a microcentrifuge for 3min at full speed to remove
excess protein aggregates; only use supernatant._ **8.** Spin down plate at 700g for 2min, discard
supernatant by quickly flicking the plate, and loosen cell pellet by briefly vortexing the plate on full speed
setting \(add a paper towel on top of the plate to avoid any potential spill-over) **9.** Wash cells with
200µl flow buffer \(for analysis only use flow buffer with 0.05% sodium azide, for sorting viable cells use
flow buffer without sodium azide). **10.** Repeat step **8**. **11.** Add 20µl of blocking solution:
5µg/ml anti-CD16/32 \(“Fc-block”) and 2% normal mouse serum/2% normal rat serum in flow buffer.
Incubate for 5min on ice. **12.** Add 20µl of 2x primary antibody mixes \(from step **7**) on top of the
blocking solution \(don’t wash in between). Incubate for 30-40min on ice. **13.** Add 160µl of flow
buffer and repeat step **8** and **9** and again **8**. **14.** Add 40µl of streptavidin-APC \(0.5µg/ml
final concentration in flow buffer) per well and incubate for 15-20min on ice. **15.** Repeat step **8**
and **9**. **16.** Resuspend cells in flow buffer for subsequent analysis on a flow cytometer or for cell
sorting. Include a viability dye \(e.g. 7-AAD) that allows for the exclusion of dead cells, e.g. resuspend
cells in 100µl flow buffer and add 1µl of 7-AAD. _Note: Exclusion of dead cells is a very critical step, as
dying cells stain non-specifically with antibodies for CXCR5 and PD-1._ **Staining protocol for
identification of CXCR5+BCL6+ Tfh cells for analysis:** **17.** Following steps **1** through **6**, add
100µl of 1:1000-diluted eFluor780 Fixable Viability Dye \(eBioscience) in PBS \(no serum/protein, no
sodium azide) to the 100µl of cells. Incubate for 10min on ice. _Note: Exclusion of dead cells is a very
critical step, as dying cells stain non-specifically with antibodies for CXCR5, PD-1, and BCL6._ **18.**
Follow steps **7** through **15** for regular surface staining. **19.** Prepare Fixation/Permeabilization
solution as well as Permeabilization buffer from the eBioscience FoxP3 staining buffer set according to
the manufacturer’s instructions. **20.** Loosen cell pellet and add 100µl Fixation/Permeabilization
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solution from the eBioscience FoxP3 staining buffer set per well and incubate for 15min at room
temperature. **21.** Prepare transcription factor antibody 2x mixes in Permeabilization buffer from the
eBioscience FoxP3 staining buffer set in 1.5ml Eppendorf tubes. Calculate with 20µl volume to be added
per well of the plate \(40µl final staining volume). If several samples are to be stained, calculate the total
volume needed by multiplying the number of samples by the volume of the 2x mix to be added to each
well of sample \(20µl), e.g. for 10 samples: 10x 20µl + 40µl extra void volume = 240µl. Include anti-BLC6PE antibody \(1:25 for 2x mix; final dilution will be 1:50) and/or other transcription factor antibodies. Also
prepare compensation control stains if necessary. Keep tubes on ice until needed. _Note: Optimal
dilutions of antibodies should be determined in pilot experiments. If available, GC B cells express high
levels of BCL6 and can be used as a positive control._ _Note: Right before use, spin tubes in a
microcentrifuge for 3min at full speed to remove excess protein aggregates; only use supernatant._
**22.** Add 100µl Permeabilization buffer from the eBioscience FoxP3 staining set to the 100µl of cells
per well and spin down. **23.** Wash 1x with 200µl Permeabilization buffer. **24.** Loosen cell pellet
and add 20µl of blocking solution: 5µg/ml anti-CD16/32 \(“Fc-block”) and 2% normal mouse serum/2%
normal rat serum in Permeabilization buffer. Incubate for 5min at room temperature. **25.** Add 20µl of
2x transcription factor antibody mixes \(from step **21**) on top of the blocking solution \(don’t wash in
between). Incubate for 30-40min at room temperature. **26.** Wash 2x with Permeabilization buffer.
**27.** Resuspend cells in flow buffer for acquisition on a flow cytometer.

Timing
Two-step surface staining: approximately 60 minutes. Fixation, permeabilization, and intracellular BCL6
staining: approximately 75 additional minutes.

Troubleshooting
**Problem: Weak staining for CXCR5.** Solution: Use the recommended two-step stain with biotinylated
anti-CXCR5 antibody followed by a strepavidin-fluorophore conjugate. Currently available directly
fluorophore-conjugated anti-CXCR5 antibodies do not provide staining bright enough to clearly
distinguish Tfh cells from CXCR5– T cells. It is also important to use a bright fluorophore conjugated to
streptavidin, such as APC. PE or Brilliant Violet 421™ conjugates may also be used. **Problem: Difficulty
distinguishing Tfh cells from events with low background staining for CXCR5, PD-1, and BCL6.**
Solution: It is important to include a viability dye so that dead cells, which are often autofluorescent and
stain nonspecifically, can be excluded from all analyses. It is also critical to exclude cell:cell conjugates \
(“doublets”), since conjugates of CXCR5+ B cells bound to PD-1+CXCR5– T cells otherwise appear similar
to Tfh cells. Non-CD4+ T cells can be excluded by additional staining for non-CD4+ cell markers, e.g. B220
or CD19 for B cells. It is also helpful to include a control tissue that should contain only very few Tfh cells,
such as a peripheral lymph node from an unimmunized mouse.

Anticipated Results
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While CXCR5hiPD-1hi cells generally account for less than 0.5% of the CD4+ T cells in LNs or spleens of
non-immunized mice, frequencies of Tfh cells among polyclonal or TCR-transgenic CD4+ T cells can vary
to great extent following immunization or infection. Factors that influence the magnitude of the Tfh cell
response include the precursor frequency and affinity of antigen-specific cells, the dose of the antigen, the
adjuvant context, the route of immunization, and the time of the analysis. **Figure 2a** depicts
polyclonal CXCR5hiPD-1hi Tfh cells in the draining and non-draining lymph nodes \(LNs) after
immunization. To more reliably identify significant changes in the frequencies of Tfh cells in weak
immune responses, one option is to include a stain for CD44 and analyze CXCR5 and PD-1 expression
only on activated CD44hi CD4+ T cells. Adoptive cell transfer experiments utilizing TCR-transgenic CD4+ T
cells, which carry TCRs specific for a defined model antigen, are widely used to study Tfh cell
differentiation and function in vivo. Examples of mice with MHC class II-restricted TCR-transgenes
include OT-II mice29 and DO11.10 mice30 \(both specific for OVA323-339) and SMARTA mice31 \(specific
for LCMV GP61-80). The use of different congenic markers \(e.g. CD45.1 vs. CD45.2 or Thy1.1 vs. Thy1.2)
allows for the identification of adoptively transferred donor T cells within the host \(**Figure 2b**). The
described protocol for intracellular BCL6 staining can be easily combined with other transcription factor
stains. For example, LCMV infection generates predominantly two different Th cell populations: CXCR5–Tbethi Th1 cells and CXCR5hiBCL6hi Tfh cells \(**Figure 2c**). In contrast, T follicular regulatory \(Tfr)
cells32,33 are characterized by the expression of the transcription factor Foxp3 and combinations of
classical Tfh cell markers, such as CXCR5 and PD-1 \(**Figure 2d**). This protocol is also compatible
with MHC class II-tetramer staining to quantify antigen-specific Tfh cells among endogenous CD4+ T
cells. See figure in Figures section. **Figure 2: Identification of Tfh cells by flow cytometry.** **a)** Wildtype C57BL/6J mice were immunized with 5µg NP29-KLH + 2µg LPS into the hind foot pads and draining
popliteal and non-draining axillary LNs were analyzed by flow cytometry on day 6 after immunization.
Gated on 7-AAD –B220–CD4+ T cells. Anti-CXCR5-biotin + streptavidin-APC and anti-PD-1-PE. **b)** Naïve
CD45.1+ SMARTA cells \(2x104) were adoptively transferred into C57BL/6J mice. Hosts were infected
with 2x106 PFU LCMV Armstrong virus and spleen cells were analyzed by flow cytometry on day 8 after
infection. Gated on 7-AAD –CD19–CD4+ T cells. Anti-CD4-Qdot605, anti-CD45.1-PE-Cy7, anti-CXCR5-biotin
+ streptavidin-APC, and anti-PD-1-PE. **c)** Naïve CD45.2+ SMARTA cells \(5x103) were adoptively
transferred into CD45.1+ wild-type mice. Hosts were infected with 2x105 PFU LCMV Armstrong virus and
spleen cells were analyzed by flow cytometry on day 5.5 after infection. Gated on eFluor780 viability dyenegative, CD4+CD45.2+ SMARTA cells. Anti-CXCR5-biotin + streptavidin-BV421, anti-BCL6-AF647, and
anti-T-bet-FITC \(clone 4B10, Biolegend). **d)** Wild-type C57BL/6J mice were immunized with 5µg NP18OVA in alum into the hind foot pads and draining popliteal LNs were analyzed by flow cytometry on day 7
after immunization. Gated on 7-AAD –B220–CD4+ T cells. Anti-CXCR5-biotin + streptavidin-APC, antiFoxp3-eFluor450, and anti-PD-1-PE.
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Figures

Figure 1
*Workflow for the identification of Tfh cells by flow cytometry.*
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Figure 2
*Identification of Tfh cells by flow cytometry.* *a)* Wild-type C57BL/6J mice were immunized with 5µg
NP~29~-KLH + 2µg LPS into the hind foot pads and draining popliteal and non-draining axillary LNs were
analyzed by flow cytometry on day 6 after immunization. Gated on 7-AAD^–^B220^–^CD4^+^ T cells.
Anti-CXCR5-biotin + streptavidin-APC and anti-PD-1-PE. *b)* Naïve CD45.1^+^ SMARTA cells (2x10^4^)
were adoptively transferred into C57BL/6J mice. Hosts were infected with 2x10^6^ PFU LCMV Armstrong
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virus and spleen cells were analyzed by flow cytometry on day 8 after infection. Gated on 7-AAD^–
^CD19^–^CD4^+^ T cells. Anti-CD4-Qdot605, anti-CD45.1-PE-Cy7, anti-CXCR5-biotin + streptavidin-APC,
and anti-PD-1-PE. *c)* Naïve CD45.2^+^ SMARTA cells (5x10^3^) were adoptively transferred into
CD45.1^+^ wild-type mice. Hosts were infected with 2x10^5^ PFU LCMV Armstrong virus and spleen cells
were analyzed by flow cytometry on day 5.5 after infection. Gated on eFluor780 viability dye-negative,
CD4^+^CD45.2^+^ SMARTA cells. Anti-CXCR5-biotin + streptavidin-BV421, anti-BCL6-AF647, and anti-Tbet-FITC (clone 4B10, Biolegend). *d)* Wild-type C57BL/6J mice were immunized with 5µg NP~18~-OVA
in alum into the hind foot pads and draining popliteal LNs were analyzed by flow cytometry on day 7
after immunization. Gated on 7-AAD^–^B220^–^CD4^+^ T cells. Anti-CXCR5-biotin + streptavidin-APC,
anti-Foxp3-eFluor450, and anti-PD-1-PE.
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