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Abstract

Our understanding of the origin and functions of human blood CXCR5+ CD4+ T cells found in

human blood has changed dramatically in the past years. These cells are currently considered to

represent a circulating memory compartment of T follicular helper (Tfh)-lineage cells. Recent

studies have shown that blood memory Tfh cells are composed of phenotypically and functionally

distinct subsets. Here we review the current understanding of human blood memory Tfh cells and

the subsets within this compartment. We present a strategy to define these subsets based on cell

surface profiles. Finally, we discuss how increased understanding of the biology of blood memory

Tfh cells may contribute insight into the pathogenesis of autoimmune diseases and the mode of

action of vaccines.

Tfh cells in lymphoid organs and in the blood

T follicular helper (Tfh) cells are a CD4+ T cell subset specialized in providing help to B

cells [1–3]. Tfh cells are essential for the generation of high-affinity memory B cells through

the germinal center (GC) reaction. Bona fide Tfh cells are present in GCs in secondary

lymphoid organs, and display multiple features associated with their helper functions. Tfh

cells express the chemokine receptor CXCR5 [4–7], which guides their migration into B cell

follicles. Interleukin-21 (IL-21) secreted by Tfh cells and their precursors [8–10] potently

promotes differentiation, and class-switching in B cells [11]. CD40 ligand (CD40L) on the

surface of Tfh cells provides signals to B cells through CD40 and induces B cell

differentiation and class-switching [12]. The signaling adaptor SLAM-associated protein

(SAP) plays an indispensable role for stable T and B cell interactions required for Tfh cell

differentiation [13].

Tfh cells express inducible co-stimulator (ICOS), a molecule essential for Tfh cell

generation, at high density; ICOS-deficient mice and humans display significantly reduced

GC reactions and Tfh cells [14–16]. ICOS-mediated signals are important for Tfh cell
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differentiation at two levels: The ICOS signals delivered by dendritic cells at the T cell zone

induce T cells to express Bcl-6 [16], an transcriptional repressor essential for Tfh cell

generation [17–19]. Then ICOS signals are delivered by follicular B cells at the T and B cell

border to promote the migration of Tfh precursors into follicles [20]. ICOS also acts as a

critical co-stimulatory molecule to induce the production of IL-21 by Tfh cells [10, 21]. The

immune-inhibitory receptor PD-1 is also highly expressed in Tfh cells, and appears to

regulate the activity of Tfh cells in GCs [22].

CD4+ T cells also provide help to B cells at extrafollicular sites, beyond the GC response in

secondary lymphoid organs, inducing B cell differentiation into plasma cells and in this way

contributing to the early generation of specific antibodies after antigen challenge [23]. These

extrafollicular CD4+ helper cells share the developmental mechanisms, phenotypes, and

functional properties with Tfh cells [10, 24–26]. They are thus are considered to belong to

the Tfh lineage.

The biology of Tfh cells in secondary lymphoid organs has been extensively studied during

the last decade, particularly in mouse models, resulting in significant advances in our

understanding of the origin and functions of these cells. In contrast, despite their discovery

some 20 years ago, the biology of blood circulating CXCR5+ CD4+ T cells in humans has

been largely uncharacterized. These cells have recently come into the spotlight with the

publication of a number of studies in the past few years. These studies largely agree with the

theory that blood CXCR5+ CD4+ T cells in humans represent a circulating memory

compartment of the Tfh-lineage cells. Extensive analyses of these blood memory Tfh cells

have further revealed phenotypically and functionally distinct subsets. A major issue,

however, is that the combination of markers used in these studies has often differed among

the laboratories involved, and accordingly, many different ways to define blood memory Tfh

subsets have been proposed. There is to date no consensus as to the cell surface markers that

define blood memory Tfh cells in humans. An clear phenotypic definition of memory Tfh

cell subsets in the blood is important not only to better understand their biological functions,

but also for translational purposes as these circulating cells could serve as potential

biomarkers for following antibody responses in vaccinations and infections, and in

dysregulated antibody responses in autoimmune diseases.

Here we review the current understanding on blood memory Tfh cells in humans. We

discuss the functionally distinct subsets that have been defined using varied phenotypic

markers, and propose a unified approach to defining distinct Tfh subsets based on the

expression of key cell surface markers. Finally, we discuss how an improved understanding

of the biology of these cells can contribute to vaccination strategies and provide insight into

the etiology of some autoimmune diseases.

Emerging understanding of the nature of human blood CXCR5+ CD4+ T

cells

The presence of CD4+ T cells expressing CXCR5 in human blood was first described in

1994 [27]. As opposed to bona fide Tfh cells in secondary lymphoid organs, human blood
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CXCR5+ CD4+ T cells were initially proposed to represent recently activated T cells. This

hypothesis was built based on several observations.

First, initial reports concluded that blood CXCR5+ CD4+ T cells lack long-lived memory

cells, as few or no tetanus toxoid (TT)-specific cells were found within blood CXCR5+

CD4+ T cells in adults, despite a history of multiple TT vaccinations [4, 28]. In these

studies, blood CXCR5+ CD4+ T cells were isolated from healthy adults who had not

received a TT booster vaccine for at least 8 years, and analyzed for their proliferation upon

stimulation with TT-loaded autologous monocytes. However, a later study demonstrated (by

using a similar approach) that the TT-specific memory cells can be detectable within blood

CXCR5+ CD4+ T cells for 2–4 years after a booster vaccination [29]. The presence of TT-

specific memory CXCR5+ CD4+ T cells in blood of healthy adults was also confirmed

recently with specific class II tetramers [30]. Therefore, in the case of TT vaccine, antigen-

specific memory CXCR5+ CD4+ T cells seem to be maintained in blood for at least several

years. Interestingly, the persistence of antigen-specific memory CXCR5+ CD4+ T cells in

blood seems to differ among vaccines. In a study of long-lived memory CD4+ T cells

specific for smallpox virus, three out of four healthy adults were found to display smallpox-

specific memory CXCR5+ CD4+ cells in blood (published in 2004)[29]. Given that routine

smallpox vaccination was stopped during the 70’s and that smallpox was globally eradicated

in 1980, this observation suggests that antigen-specific memory CXCR5+ CD4+ T cells can

be maintained in blood for many decades without restimulation. Although this observation

needs to be confirmed in a larger cohort, the difference in the persistence of antigen-specific

memory CXCR5+ CD4+ T cells in blood between TT and smallpox vaccines suggests that

signals that T cells receive during the priming play major roles in determining their

persistence. As smallpox vaccine also induces long-lived memory B cells [31], the signals

required to induce long-lived memory Tfh cells and memory B cells might be shared.

Second, the expression of CXCR5 by CD4+ T cells was initially considered transient

because human naïve CD4+ T cells activated in vitro via T cell receptor crosslinking rapidly

induce expression of CXCR5 but rapidly lose this expression [28]. However, the CXCR5

expression by blood CXCR5+ CD4+ T cells was found to be constitutive, and stable in vitro

at least for 20 days without any stimulation [30]. Furthermore, as discussed later, a vast

majority of blood CXCR5+ CD4+ T cells do not express other activation markers. These

observations suggest that blood CXCR5+ CD4+ T cells have an intrinsic property to

maintain CXCR5 expression.

Last, earlier studies suggested that blood CXCR5+ CD4+ T cells do not share functional

properties with Tfh cells, because the helper capacity was reported to be similar between

blood CXCR5+ and CXCR5− CD4+ T cells [6]. In contrast, multiple recent studies show that

blood CXCR5+ CD4+ T cells display a superior capacity to CXCR5− cells in inducing B

cells to differentiate into Immunoglobulin (Ig)-producing cells and to undergo class-

switching [30, 32–35]. Such discrepancy seems to lie on the differences in the experimental

designs. In the recent studies, T cells were cultured with autologous B cells loaded with a

super-antigen and thus were promoted to form cognate interactions with B cells. In contrast,

in the earlier studies, T cells were stimulated with plate-bound anti-CD3 and soluble anti-

CD28, and autologous unloaded B cells were added to the culture. In this condition, T cells
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are primarily activated by anti-CD3 and CD28 and the cognate interactions between T and B

cells occur only by chance. Therefore, the experimental design in the recent studies seems

better to simulate physiological cell interactions in vivo. Furthermore, recent studies show

that a superior helper capacity of blood CXCR5+ CD4+ T cells is (at least in part) due to

secretion of larger amounts of IL-21 and IL-10, cytokines secreted by Tfh cells [32, 33, 36].

Moreover, evidence supporting the relationship between blood CXCR5+ CD4+ T cells and

the Tfh-lineage cells in lymphoid organs has been obtained from the studies with samples

from primary immunodeficiency subjects. Subjects with severely impaired GC formation

due to deficiencies of CD40-ligand, ICOS, STAT3, or IL-12 receptor β1 chain were found to

have significantly less blood CXCR5+ CD4+ T cells [15, 37, 38]. Surprisingly, subjects

deficient of SAP were found to display normal levels of blood CXCR5+ CD4+ T cells [34],

despite severe alterations in the generation of mature Tfh cells in lymphoid organs [16, 39].

A consistent result was obtained from SAP-deficient mouse models [34]. This evidence

supports a model in which blood CXCR5+ CD4+ T cells are predominantly generated from

cells committed to the Tfh-lineage, but not from bona fide Tfh cells [40].

Collectively, these observations show that blood CXCR5+ CD4+ T cells contain long-lived

memory cells and share functional properties with Tfh cells. Accordingly, blood CXCR5+

CD4+ T cells are currently termed blood (or peripheral) memory Tfh cells.

Biological differences between blood and tonsillar Tfh cells

The skepticism regarding the direct relationship between blood memory Tfh cells and the

Tfh-lineage cells in lymphoid organs was also derived in part from phonotypic differences.

While both blood memory Tfh cells and tonsillar GC Tfh cells express CXCR5, the

expression of other markers is largely different. A vast majority of blood memory Tfh cells

express CD62L and CCR7, markers associated with central memory CD4+ T cells [4–6].

The ligands of CD62L (including GlyCAM-1) and CCR7 (CCL19 and CCL21) are highly

expressed by high endothelial venules of secondary lymphoid organs, and the expression of

these molecules likely permit blood memory Tfh cells to go into and patrol secondary

lymphoid organs. In contrast, GC Tfh cells do not express CCR7, because CCR7 expression

needs to be downregulated when T cells migrate out of the T cell zone and into B cell

follicles [41]. Furthermore, in contrast to GC Tfh cells, a vast majority of blood memory Tfh

cells in healthy subjects lack the expression of activation markers such as CD69 and ICOS

[6, 42, 43]. While tonsillar Tfh cells frequently interact with B cells and dendritic cells in

GCs and are in an active state, a majority of blood memory Tfh cells are in a quiescent state.

Consistently, blood memory Tfh cells require to be activated to act as functional helpers in

vitro [32, 35]. Activated blood memory Tfh cells rapidly upregulate the expression of CD69

and ICOS, and produce IL-21, IL-10, and CXCL13 [32, 33]. These observations show that

human blood memory Tfh cells are endowed with multiple features of memory cells.

In contrast to Tfh cells in GCs, Bcl-6 protein expression is absent in blood memory Tfh

cells, including ICOS+ subsets [32–34, 36, 43]. While Bcl-6 promotes the expression of

many Tfh molecules by human CD4+ T cells including CXCR5, ICOS, PD-1, SAP, CD40L,

and CXCL13 [30, 44], the absence of Bcl-6 expression in blood memory Tfh cells suggests
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that Bcl-6 is dispensable for their maintenance. The molecular mechanisms by which blood

memory Tfh cells maintain Tfh characteristics remain largely unknown and will be an

important research topic. Nonetheless, gene expression profiling of blood memory Tfh cells

has suggested potential mechanisms. Blood memory Tfh cells express higher levels of the

transcription factor Maf than CXCR5− CD4+ memory T cells [30, 33, 35]. Because Maf

promotes the expression of CXCR5 and IL-21 in human CD4+ T cells [44], high levels of

Maf expression may be associated with the maintenance of Tfh phenotype and/or function.

Alternatively, the characteristics of blood memory Tfh cells might be associated with the

balance between Bcl-6 and its antagonist transcription repressor Blimp-1. Tfh cells in GCs

express abundant Bcl-6 but little Blimp-1 [1], and constitutive overexpression of Blimp-1 in

CD4+ T cells prevents the differentiation of Tfh cells [18]. This evidence indicates that

Bcl-6 needs to be dominant over Blimp-1 during Tfh cell differentiation. Similarly, human

blood memory Tfh cells were found to express lower levels of Blimp-1 transcript than

CXCR5− CD4+ memory T cells, although the expression of Bcl-6 transcript was similar

[32]. Therefore, keeping the balance of the two molecules towards a Bcl-6 dominant state

might be associated with the maintenance of Tfh characteristics in memory cells. Last, a

recent study in mouse models indicated that the transcription factor achaete-scute

homologue 2 (Ascl2) positively regulates the differentiation of Tfh cells as well as the

expression of CXCR5 in a Bcl-6 independent manner [45]. While the function of Ascl2 in

human CD4+ T cells remains to be established, it is tempting to speculate that Ascl2 might

be associated with the biology of blood memory Tfh cells.

Defining distinct subsets of circulating memory Tfh cells in humans

Blood memory Tfh cells constitute approximately 15–25% of memory CD4+ T cells in

humans [27, 32, 33, 36, 43]. Recent studies have demonstrated that blood memory Tfh cells

are composed of heterogeneous cell populations with different phenotype. Through an

extensive in vitro characterization of isolated subpopulations, now we have realized that

blood memory Tfh cells are composed of subsets with distinct functional properties. Below

we first summarize the distinct features of blood memory Tfh cell subsets, and then discuss

a strategy to define these subsets.

The expression of ICOS, PD-1 and CCR7 defines three distinct subsets of Tfh cells

In contrast to Tfh cells in secondary lymphoid organs, ICOS is expressed by only less than

1% of blood memory Tfh cells in healthy subjects [6, 30, 36, 42, 43]. These minor ICOS+

blood memory Tfh cell population co-expresses PD-1 at high levels (thus ICOS+PD-1++

cells) [30, 34–36]. While more than 70% of blood memory Tfh cells do not express either

PD-1 or ICOS (ICOS−PD-1− cells), recent studies discovered a population expressing low

levels of PD-1 but not ICOS (thus ICOS−PD-1+ cells. ~30% of blood memory Tfh cells)[30,

34, 35]. While ICOS+PD-1++ blood memory Tfh cells express Ki-67, an indicative marker

of active cell cycle, ICOS−PD-1+ and ICOS−PD-1− blood memory Tfh cells do not express

Ki-67 and thus are in a quiescent state [30, 34]. The ICOS−PD-1+ cells appear to represent a

population distinct from the ICOS−PD-1− cells, as PD-1 expression on isolated ICOS−PD-1+

cells is remarkably stable in vitro [30]. These three subpopulations express CCR7 at

different levels with a negative correlation with PD-1 expression. CCR7 expression is the
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lowest on the ICOS+PD-1++ cells, and the ICOS− PD-1+ cells express less CCR7 than the

ICOS−PD-1− cells [30, 34]. Of note, CCR7 expression levels by blood memory Tfh cells are

generally low among the blood central memory CD4+ T cells, and even the ICOS−PD-1−

cells express CCR7 at lower levels than blood CXCR5− central memory CD4+ T cells [30].

Given a coordinated increase in CXCR5 and decrease in CCR7 is required for T cells to

migrate into B cell follicles [41], the differential expression levels of CCR7 by these blood

memory Tfh cell subsets might reflect their distinct propensity to enter B cell follicles in

vivo.

Therefore, blood memory Tfh cells contain three subsets that differentially express ICOS,

PD-1, and CCR7: ICOS+PD-1++CCR7lo activated cells, ICOS−PD-1+CCR7int and

ICOS−PD-1− CCR7hi quiescent cells.

Expression of CXCR3 and CCR6 defines three subsets of Tfh cells

Blood memory Tfh cells can be subdivided by a different approach. Approximately 30–50%

of blood memory Tfh cells express CXCR3 or CCR6, the chemokine receptor preferentially

expressed by Th1 and Th17 cells, respectively [46, 47]. Accordingly blood memory Tfh

cells can be subdivided into the three major subsets: CXCR3+CCR6− cells, CXCR3−CCR6−

cells, and CXCR3−CCR6+ cells [32]. The CXCR3+CCR6− subset expresses the transcription

factor T-bet and produces Th1 cytokine IFN-γ; thus resembles to Th1 cells (hereafter called

blood memory Tfh1 cells). The CXCR3−CCR6− subset expresses the transcription factor

GATA3 and produces Th2 cytokines IL-4, IL-5, and IL-13; thus resembles to Th2 cells

(hereafter called blood memory Tfh2 cells). The CXCR3−CCR6+ subset expresses the

transcription factor RORγT and produces Th17 cytokines IL-17A and IL-22; thus resembles

to Th17 cells (hereafter called blood memory Tfh17 cells)[32].

Thus, the analysis of CXCR3 and CCR6 expression permits the dissection of blood memory

Tfh cells into the three major subsets: CXCR3+CCR6− Tfh1 cells, CXCR3−CCR6− Tfh2

cells and CXCR3−CCR6− Tfh17 cells.

Blood memory Tfh subsets display distinct capacities to help B cells

The major task of Tfh cells is to induce antibody responses by providing help to B cells.

Therefore, an assessment of helper functions is critical to understand the biology of blood

memory Tfh cell subsets. In this context, blood memory Tfh subsets have been found to

display distinct helper capacities. An original report indicated that while blood memory Tfh2

and Tfh17 cells (thus the CXCR3− subsets) are able to induce naïve B cells to produce Igs

and to switch isotypes through IL-21 secretion, blood memory CXCR3+ Tfh1 cells lack the

capacity to help naïve B cells [32]. This observation was largely confirmed by recent studies

[30, 35]. Furthermore, while blood memory Tfh2 cells promote IgG and IgE secretion, blood

memory Tfh17 cells are efficient at promoting IgG and, in particular, IgA secretion [32].

Thus, blood memory Tfh2, and Tfh17 cells represent efficient helpers among blood memory

Tfh cells, and differentially regulate Ig isotype switching.

Recent studies further demonstrated that among blood memory Tfh2 and Tfh17 cells, the

ICOS−PD-1+CCR7int population, but not the ICOS−PD-1−CCR7hi population, promptly

induce memory B cells to become Ig-producing cells [30, 35]. Furthermore, blood
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ICOS−PD-1+CCR7int Tfh2 and Tfh17 cells were found to display a gene expression profile

resembling to tonsillar Tfh cells and their precursors [30, 35]. Thus, among the quiescent

blood memory Tfh subsets, ICOS− PD-1+CCR7int Tfh2 and Tfh17 cells are the closest to

tonsillar Tfh-lineage cells in terms of the functions and the gene profiles.

On the other hand, these findings also pose many questions. What are the functions of the

ICOS−PD-1−CCR7hi populations in blood memory Tfh2 and Tfh17 cells? Are they also

memory Tfh cells or rather closer to central memory cells? Although direct evidence is yet

to be shown, recent studies have provided several clues to answer these questions. Upon co-

culture with naïve B cells, the ICOS−PD-1−CCR7hi population in blood memory Tfh2 and

Tfh17 cells are also capable of inducing B cells to produce Igs, while CXCR5− central

memory cells are not [30, 35]. In addition, the ICOS−PD-1−CCR7hi population in blood

memory Tfh2 and Tfh17 cells produce CXCL13, the chemokine that human Tfh cells

produce [10, 48], while CXCR5− central memory cells do not [30]. Furthermore, in the

analysis with class II tetramers, TT-specific memory cells were found in both the

ICOS−PD-1+CCR7int and the ICOS−PD-1−CCR7hi populations within blood memory Tfh2

and Tfh17 cells [30]. These observations suggest that the ICOS−PD-1−CCR7hi populations

in blood memory Tfh2 and Tfh17 cells likely constitute blood memory Tfh cell subsets that

are distinct from the ICOS−PD-1+CCR7int populations. The differences in the ability to help

memory B cells suggest that the ICOS−PD-1−CCR7hi populations require more time after

activation and/or greater activation signals than the ICOS−PD-1+CCR7int population to

differentiate into functional helpers. Whether the ICOS−PD-1+CCR7int populations become

the ICOS−PD-1−CCR7hi populations over time or vice versa remains unknown.

Last, what do blood memory Tfh1 cells do? In vitro, the ICOS−PD-1+CCR7int and the

ICOS−PD-1−CCR7hi populations within blood memory Tfh1 subsets lack the capacity to

help naïve and memory B cells [30, 32, 35, 36]. Yet, like other blood memory Tfh subsets,

these subpopulations within blood memory Tfh1 cells produce CXCL13 and contain TT-

specific memory cells [30]. Furthermore, upon stimulation with PMA and ionomycin,

ICOS−PD-1+CCR7int blood memory Tfh1 cells express IL-21 at an equivalent level with

ICOS−PD-1+CCR7int blood memory Tfh2 and Tfh17 cells [30]. These observations suggest

that blood memory Tfh1 cells also constitute another subset of blood memory Tfh cells.

Supportive yet somewhat surprising evidence came out from studies of influenza vaccine

[34, 36]. Influenza vaccination induced a transient increase of the ICOS+PD-1++CCR7lo

activated cells exclusively within blood memory Tfh1 subset. Strikingly, the increase of the

ICOS+PD-1++CCR7lo cells within Tfh1 cells positively correlated with the generation of

protective antibody responses [36]. However, their helper capacity seems limited, because

ICOS+PD-1++CCR7lo blood memory Tfh1 cells lack the capacity to help naïve B cells in

vitro, while being capable of inducing memory B cells to differentiate into plasma cells [36].

This observation suggests that blood memory Tfh1 cells also contribute to antibody

responses, but only when they become ICOS+PD-1++CCR7lo activated cells.

Collectively, these studies show that blood memory Tfh cells can be largely subdivided into

non-efficient helpers (Tfh1) and efficient helpers (Tfh2 and Tfh17). The differential

expression of ICOS, PD-1, and CCR7 further defines functionally distinct subpopulations

within the subsets.
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A three-dimensional analysis of blood memory Tfh cell subsets

Based on these recent findings, here we would like to propose an approach to define

functionally distinct blood memory Tfh subsets. Human blood memory Tfh cells can be

analyzed in a three-dimensional approach with distinct parameters (Figure 1). The first

parameter comprises CXCR3 and CCR6, which define Tfh1, Tfh2, and Tfh17 subsets. The

second parameter includes PD-1 and CCR7, which define the two quiescent populations

among blood memory Tfh1, Tfh2, and Tfh17 subsets: the PD-1−CCR7hi and the

PD-1+CCR7int cells. The third parameter is ICOS, which defines ICOS+ activated cells

within blood memory Tfh1, Tfh2, and Tfh17 subsets. All these markers can be integrated

into one flow cytometry panel together with the markers CD3, CD4, and CXCR5. Inclusion

of CD45RO (a general marker of memory cells), a damp channel (to exclude contamination

of other cells such as CD8+ T cells and CD56+ NK cells) and a viability dye (such as LIVE/

DEAD®) will be also appropriate when feasible. When a flow cytometer amenable to more

than 10 color staining is not available, CCR7 and CCR6 can be omitted to simplify the

panel.

This three dimensional analysis permits the determination of 9 distinct blood memory Tfh

subsets (6 subsets with the simplified panel)(Figure 1). The markers CXCR3 and CCR6

separate non-efficient helpers (Tfh1) and efficient helpers (Tfh2 and Tfh17). Within blood

memory Tfh1 cells, the helper capacity is limited to the activated ICOS+PD-1++CCR7lo

subset and their target is limited to memory B cells. In contrast, within blood memory Tfh2

and Tfh17 cells, both quiescent ICOS−PD-1+CCR7int and ICOS−PD-1−CCR7hi subsets are

capable of helping B cells, while the ICOS−PD-1+CCR7int subsets can provide a prompt

help to memory B cells. Tfh2 and Tfh17 cells produce different sets of cytokines, and

differentially regulate isotype switching. The function of the activated ICOS+PD-1++CCR7lo

subsets within blood memory Tfh2 and Tfh17 cells is yet to be established, but it is

presumable that they are capable of providing help to both naïve and memory B cells.

It is no doubt that this proposed strategy will need to be revised in future according to the

increase of our knowledge on human blood memory Tfh cells. However, this global strategy

will at least provide an initial framework to facilitate the basic research on human blood

memory Tfh cells, and to determine alterations in the blood memory Tfh subsets in clinical

studies.

Insights into the mechanisms of antibody responses in clinical studies

The phenotype of human blood memory Tfh cells has been extensively analyzed during the

past decade in many studies on autoimmune diseases, infectious diseases, and vaccinations.

These studies have already provided valuable insights into the pathogenesis of autoimmune

diseases and into the mechanisms for antibody production upon vaccinations.

Many studies focused on the expression of ICOS on blood memory Tfh cells. The frequency

ICOS+ cells among blood memory Tfh cells was found to be increased in patients with

autoimmune diseases including systemic lupus erythematosus (SLE), Sjogren’s syndrome,

rheumatoid arthritis, and autoimmune thyroid diseases, [34, 43, 49–51]. In some of the

studies, an increase of ICOS+ blood memory Tfh cells showed a positive correlation with
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serum autoantibody titers and disease activity and/or severity [34, 43, 49]. These studies

suggest that aberrant Tfh responses in patients with autoimmune diseases can be captured by

the analysis of blood memory Tfh cells. In the studies on seasonal influenza vaccines, the

frequency of ICOS+ cells within blood Tfh cells was shown to increase only transiently after

vaccination (peak at day 7) [34, 36]. This kinetics seems synchronized with the emergence

of influenza-specific plasmablasts and plasma cells in blood [36, 52, 53]. A transient

increase of ICOS+ blood memory Tfh cells was also observed in immunized mice [34].

Importantly, in contrast to a transient appearance of ICOS+ memory Tfh cells in blood, GC

response in immunized mice was observed in an extended period [34]. These observations

suggest that an increase of ICOS+ memory Tfh cells in blood reflects developing GC

responses in lymphoid organs [40]. Of note, a technical difficulty in the analysis of ICOS

expression on human blood memory Tfh cells has been the gating strategy to define the

ICOS+ population, as their ICOS expression levels are often modest. The integration of

PD-1 and CCR7 in a flow cytometry panel will facilitate the detection of this population as

ICOS+PD-1++CCR7lo cells.

Accumulating evidence shows that an alteration in the balance of blood memory Tfh1, Tfh2,

and Tfh17 cells is also associated with the pathogenesis of autoimmune diseases. In patients

with juvenile dermatomyositis [32], adult SLE [54], Sjogren’s syndrome [55], and multiple

sclerosis [56], the composition of Tfh1 cells among blood memory Tfh cells was found to

decrease, while the composition of Tfh2 and/or Tfh17 cells increased. Furthermore, such

alterations were found to correlate with disease activity, serum autoantibody titers, and/or

the frequency of blood plasmablasts [32, 54–56]. Therefore, it is presumable that a decrease

of Tfh1 subsets and an increase of Tfh2/Tfh17 subsets among blood memory Tfh cells

reflect an overall increase of efficient helpers that promote the generation of antibodies in

lymphoid organs and/or inflammatory sites in patients with autoimmune diseases. This

theory seems to be applicable to studies of infectious diseases. Among HIV-infected

subjects, the subjects who have developed broadly neutralizing antibodies against HIV were

found to display a higher frequency of ICOS− PD-1+CCR7int memory Tfh2 and Tfh17

subsets in blood [30].

Analyses of blood memory Tfh subsets have also provided insights into the mechanisms of

vaccines. As described earlier, in a study of seasonal influenza vaccines, an increase of

ICOS+PD-1++CCR7lo blood memory Tfh1 cells at day 7 was found to correlate with a

generation of antibody responses [36]. This suggests that current influenza vaccine is largely

dependent on the Tfh1 subset that display limited capacity to induce antibody responses.

This hypothesis might explain why current influenza vaccines have limited efficacy

particularly in children who have a limited repertoire of influenza-specific memory B cells.

Concluding remarks

Remarkable progress has been made in the understanding of the biology of human blood

memory Tfh cells in last few years, and has permitted identification of functionally distinct

subsets. Now we know that human blood memory Tfh cells contain non-efficient helpers

(Tfh1) and efficient helpers (Tfh2 and Tfh17). The activity of blood memory Tfh cells is

tightly regulated, and a vast majority of blood memory Tfh cells is in a quiescent state.
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Among the quiescent subsets, PD-1+CCR7int Tfh2 and Tfh17 cells promptly provide help to

B cells. However, whether the analyses of blood memory Tfh subsets faithfully reflect Tfh

responses in lymphoid organs remains to be established. In the same line, whether an

alteration of blood memory Tfh subsets in autoimmune disease patients mirrors the Tfh

response in lymphoid organs and/or inflammatory tissues remains to be shown. Nonetheless,

it is no doubt that a systematic analysis of human blood memory Tfh subsets in a

standardized manner will significantly increase our knowledge on Tfh responses in health

and disease. These studies will further provide valuable insights into novel therapeutic

strategies for human autoimmune diseases where Tfh responses need to be down-regulated,

and into novel vaccine designs for infectious diseases where durable Tfh responses are

desired.
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Highlights

• CXCR5+ CD4+ T cells represent a circulating memory compartment of Tfh-

lineage cells

• Blood memory Tfh cells are composed of phenotypically and functionally

distinct subsets

• A proposed three-dimensional approach defines nine blood memory Tfh subsets
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BOX: The origin of blood memory Tfh cells

The origin of blood memory Tfh cells remains elusive in humans. Hypothetically, blood

memory Tfh cells can be derived from GC Tfh cells that exited GCs and the other Tfh-

lineage cells localized outside GCs. Yet, the recent studies using T cells deficient of SAP

(the signaling adaptor SLAM-associated protein) in mice and humans suggest that blood

memory Tfh cells are predominantly generated from cells committed to the Tfh-lineage,

but not from GC Tfh cells [40]. In SAP-deficient mice, GC formation and the generation

of mature Tfh cells are severely altered due to the failure in forming stable T and B cell

interactions [13]. However, SAP-deficient mice were found to display normal frequency

of blood memory Tfh cells [57], suggesting that the development of blood memory Tfh

cells do not require bona fide GC formation. This was further confirmed in humans by

using blood samples from female carriers of X-linked lymphoproliferative disease, who

have both SAP-sufficient and deficient T cells due to random X-inactivation. Within the

same individuals, both SAP-sufficient and -deficient CD4+ T cells were found to equally

give rise to blood Tfh cells including the ICOS−PD-1+CCR7lo population [57].

There is also evidence supporting that GC Tfh cells might differentiate into memory

cells. Upon transfer to naïve mice, GC Tfh cells can survive for more than 1 month in

secondary lymphoid organs without antigen stimulation. The surviving memory Tfh cells

downregulate the expression of Tfh molecules including Bcl-6, CXCR5, and PD-1, but

increase the expression of IL-7 receptor, CCR7, and CD62L, markers associated with

central memory cells [58–60]. Nonetheless, upon antigenic challenge in vivo, these

memory cells rapidly become GC Tfh cells and promote antibody responses [58, 59].

However, whether these GC Tfh-derived memory cells in lymphoid organs become

circulating or not remains unknown.
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Figure 1. The nine blood memory Tfh cell subsets defined by a three-dimensional analysis
(A) A three-dimensional analysis of human blood memory Tfh cells. The first parameter

comprises CXCR3 and CCR6, which define Tfh1, Tfh2, and Tfh17 subsets. The second

parameter includes PD-1 and CCR7, which define the PD-1−CCR7hi and the PD-1+CCR7int

quiescent subpopulations within the blood memory Tfh1, Tfh2, and Tfh17 subsets. The third

parameter is ICOS, which defines the ICOS+ activated population within the blood memory

Tfh1, Tfh2, and Tfh17 subsets. The nine blood memory Tfh subsets defined by these

parameters are indicated in a three-dimensional scale.

(B) The nine blood memory Tfh subsets. The markers CXCR3 and CCR6 largely separate

non-efficient helpers (Tfh1) and efficient helpers (Tfh2 and Tfh17). ICOS expression

defines the quiescent subpopulations and the activated cells in each subset. The helper

capacity of Tfh1 cells is limited to the activated ICOS+PD-1++CCR7lo subset that can help

only memory B cells. While both quiescent subsets within Tfh2 and Tfh17 cells are capable

of helping B cells, the ICOS−PD-1+CCR7int subset provides a prompt help to memory B

cells. Tfh2 and Tfh17 cells produce different sets of cytokines, and differentially regulate

isotype switching. The intensity of the background orange color of each subset reflects the

capacity to provide help to B cells.
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