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Long-lived T follicular helper cells retain plasticity 
and help sustain humoral immunity
Marco Künzli1*, David Schreiner1*, Tamara C. Pereboom1, Nivedya Swarnalekha1,  
Ludivine C. Litzler1, Jonas Lötscher2, Yusuf I. Ertuna3, Julien Roux2,4, Florian Geier2,4,  
Roman P. Jakob5, Timm Maier5, Christoph Hess2,6, Justin J. Taylor7, Carolyn G. King1†

CD4+ memory T cells play an important role in protective immunity and are a key target in vaccine development. 
Many studies have focused on T central memory (Tcm) cells, whereas the existence and functional significance of 
long-lived T follicular helper (Tfh) cells are controversial. Here, we show that Tfh cells are highly susceptible to 
NAD-induced cell death (NICD) during isolation from tissues, leading to their underrepresentation in prior studies. 
NICD blockade reveals the persistence of abundant Tfh cells with high expression of hallmark Tfh markers to at least 
400 days after infection, by which time Tcm cells are no longer found. Using single-cell RNA-seq, we demonstrate 
that long-lived Tfh cells are transcriptionally distinct from Tcm cells, maintain stemness and self-renewal gene 
expression, and, in contrast to Tcm cells, are multipotent after recall. At the protein level, we show that folate 
receptor 4 (FR4) robustly discriminates long-lived Tfh cells from Tcm cells. Unexpectedly, long-lived Tfh cells con-
currently express a distinct glycolytic signature similar to trained immune cells, including elevated expression of 
mTOR-, HIF-1–, and cAMP-regulated genes. Late disruption of glycolysis/ICOS signaling leads to Tfh cell depletion 
concomitant with decreased splenic plasma cells and circulating antibody titers, demonstrating both unique 
homeostatic regulation of Tfh and their sustained function during the memory phase of the immune response. 
These results highlight the metabolic heterogeneity underlying distinct long-lived T cell subsets and establish Tfh 
cells as an attractive target for the induction of durable adaptive immunity.

INTRODUCTION
Vaccination and infection lead to the generation of protective immune 
responses mediated by memory T and B cells (1). Two major subsets 
of memory T cells have been described on the basis of differential 
expression of lymphoid homing receptors: CCR7+ central memory 
(Tcm) cells and CCR7− effector memory (Tem) cells (2). After chal-
lenge infection, Tcm cells produce interleukin-2 (IL-2) and maintain 
the capacity to proliferate and generate secondary effector cells. In 
contrast, Tem cells can immediately produce inflammatory cytokines 
but have more limited expansion. In addition to these subsets, CD4+ T 
follicular helper (Tfh) memory cells can promote secondary B cell 
expansion and class switching (3–7). The number of circulating Tfh 
cells correlates with the number of blood plasmablasts after vacci-
nation in humans and can be boosted to improve long-lived anti-
body production (8–10). These data suggest targeted generation of 
long-lived Tfh cells as a rational approach for improving vaccine 
design. However, despite the importance of Tfh cells for supporting 
antibody responses, the signals promoting maintenance and survival 
of these cells are not well understood. In addition, it is unclear whether 
Tfh cells retain the capacity to differentiate into diverse secondary 
effectors (3, 5, 6, 11). Analysis of long-lived Tfh cells is complicated 
by a gradual loss of phenotypic markers typically associated with Tfh 

effector cells, including programmed cell death protein 1 (PD1) and 
CXCR5, as well as the apparent decline of the CD4+ memory com-
partment compared with CD8+ memory cells over time (3, 6, 12–14). 
Moreover, the relationship between Tcm cells and Tfh effector cells, 
which share several surface markers and transcription factors includ-
ing CXCR5, inducible T-cell costimulator (ICOS), T cell factor 1 (TCF1), 
signal transducers and activators of transcription 3 (STAT3), and DNA- 
binding protein inhibitor ID-3 (ID3), is not well established (3, 15–19). 
Recently, a Tcm precursor signature, including markers for lymphoid 
homing (Ccr7) and survival (Bcl2), was identified among antigen- 
specific effector cells responding to viral infection (20). This signature, 
however, was not detected in Tfh effector cells, suggesting an early 
divergence between precursors of Tcm and long-lived Tfh. Nevertheless, 
it remains unclear whether Tfh cells found at later phases are remnants 
of a primary effector response or whether they represent a distinct 
population of self-renewing Tcm cells that share differentiation re-
quirements and phenotypic characteristics with Tfh cells.

Although informative, T cell receptor (TCR) transgenic models 
used to unravel these questions demonstrate intrinsically biased 
differentiation tendencies and may not reveal the full palette of CD4+ 
heterogeneity (21). In addition, many such studies require transfer-
ring high numbers of donor cells, which could affect T cell differen-
tiation (3, 22). Using tetramers to study the polyclonal T cell response, 
we determined that Tfh cells are particularly susceptible to nicotin-
amide adenine dinucleotide (NAD)–induced cell death (NICD) during 
isolation. By blocking NICD, we observed that Tfh cells persist in 
high numbers to at least 400 days after infection, whereas Tcm cells 
decline. Transcriptional and epigenetic profiling revealed that long-
lived Tfh cells constitutively engage glycolytic metabolism while 
remaining stem-like. Consistent with these findings, transfer exper-
iments revealed that long-lived Tfh cells, but not Tcm cells, can generate 
the full spectrum of secondary effectors. Although long-lived Tfh cells 

1Immune Cell Biology Laboratory, Department of Biomedicine, University of Basel, 
University Hospital Basel, CH-4031 Basel, Switzerland. 2Department of Biomedi-
cine, University of Basel, University Hospital Basel, CH-4031 Basel, Switzerland. 
3Department of Biomedicine, University of Basel, CH-4031 Basel, Switzerland. 
4Swiss Institute of Bioinformatics, Basel, Switzerland. 5Biozentrum, University of 
Basel, Basel, Switzerland. 6Department of Medicine, CITIID, University of Cam-
bridge, Cambridge, UK. 7Vaccine and Infectious Disease Division, Fred Hutchinson 
Cancer Research Center, Seattle, WA, USA.
*These authors contributed equally as first authors.
†Corresponding author. Email: carolyn.king@unibas.ch

Copyright © 2020 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim  
to original U.S. 
Government Works

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of B

asel on January 26, 2022



Künzli et al., Sci. Immunol. 5, eaay5552 (2020)     6 March 2020

S C I E N C E  I M M U N O L O G Y  |  R E S E A R C H  A R T I C L E

2 of 16

can survive in the absence of antigen, they depend on sustained ICOS 
signals to preserve glycolytic and Tcf7-dependent gene expression. 
A reduction in Tfh cell numbers induced by late ICOS blockade led 
to a reduction in circulating antibody titers and splenic plasma cells, 
highlighting an underestimated contribution of long-lived Tfh cells 
to late phase humoral immune responses.

RESULTS
Tfh cells are susceptible to death during isolation
Tfh cells were recently described to express high levels of the puri-
nergic receptor P2X7 receptor (23, 24). P2X7R is an adenosine 5′- 
triphosphate–gated cation channel that can be adenosine 5′-diphosphate 
ribosylated by the cell surface enzyme ARTC2.2, rendering certain 
cell types, including regulatory T cells and resident memory T (Trm) 
cells, susceptible to NICD during isolation from the tissue (25, 26). 
Injection of an ARTC2.2-blocking nanobody (NICD protector) be-
fore organ harvest protects these subsets from NICD and improves 
their recovery from lymphoid organs (27, 28). To determine whether 
inhibition of ARTC2.2 could also improve the recovery of Tfh cells 
at effector and memory time points, we harvested antigen-specific 
T cells from NICD protector–treated mice after infection with lym-
phocytic choriomeningitis virus (LCMV). Polyclonal LCMV-specific 
CD4+ T cells were enriched using tetramer staining for IAb:nucleo protein 
(NP)309–328 (NP specific) or IAb:glycoprotein (GP)66–77 (GP66 specific) 
and analyzed for expression of Tfh-associated surface markers; a 
variety of gating strategies was used to place the results in the con-
text of previous studies assessing LCMV-induced Tfh cells (3, 12). In 
untreated mice, Tfh effector cells were clearly identified at day 15 
after infection but were largely absent by day 43 (Fig. 1A and fig. S1A). 
In contrast, treatment with NICD protector resulted in a signifi-
cant recovery of Tfh cells at all time points and with both T cell spec-
ificities, indicating a larger expansion and more prolonged survival 
of Tfh cells than previously appreciated (Fig. 1, A to C). As the num-
ber of GP66-specific Tfh cells was about fourfold higher than 
NP- specific Tfh cells, we focused subsequent analyses on the GP66- 
specific T cell compartment (fig. S1B). Two-dimensional visual-
ization of the cytometry data by t-distributed stochastic neighbor 
embedding (tSNE) confirmed that NICD protector preferentially res-
cued cells with high expression of P2X7R (Fig. 1B). NICD protector 
also significantly improved the recovery of P-selectin glycoprotein 
ligand-1 (PSGL1)hiLy6Clo memory cells but had minimal impact 
on more terminally differentiated PSGL1hiLy6Chi (hereafter TH1) 
memory cells, in line with the levels of P2X7R expression on 
these subsets (Fig. 1, C and D, and fig. S1C). In addition, NICD 
protector improved the recovery of Ly6clo and CXCR5+ cells 
after infection with Listeria monocytogenes, again correlating with 
P2X7R expression (fig. S1, D to G). After day >400, Tfh cells 
identified by all gating strategies persisted in LCMV- infected mice, 
whereas Ly6CloPSGL1hi memory cells, a heterogeneous population 
previously shown to contain a substantial proportion of Tcm, were 
nearly absent (Fig. 1, A and C, and fig. S1C) (12). These data suggest 
either a survival defect or conversion of Ly6CloPSGL1hi memory 
into one of the remaining memory cell subsets. Tfh cells isolated 
at late time points after infection were further phenotyped by flow 
cytometry and characterized by high expression of folate receptor 4 
(FR4), CD73, CXCR4, ICOS, and Bcl6 compared with TH1 and 
Ly6CloPSGL1hi memory cells (Fig. 1D). Although a similar pheno-
type was observed on polyclonal NP-specific Tfh cells isolated from 

LCMV-infected mice (fig. S1A), experiments using monoclonal T cells 
from NICD- protected SMARTA or NIP TCR transgenic strains 
generated substantially fewer long-lived Tfh cells (fig. S1H). These 
observations agree with previous reports showing a gradual de-
cline of Tfh-associated markers on transferred monoclonal populations 
and highlight the value of studying polyclonal responses, partic-
ularly given the tendency of different types of TCR transgenic 
T cells to undergo distinct and more limited patterns of differen-
tiation (3, 12, 21).

FR4 discriminates long-lived Tfh from transcriptionally 
distinct Tcm
To further investigate CD4+ T cell heterogeneity and regulation 
at memory time points, we performed single-cell RNA sequencing 
(scRNA-seq) on GP66-specific T cells isolated at day >35 after in-
fection. To assess the effect of NICD protector using a transcriptional 
readout, we sequenced cells from NICD protector–treated and un-
treated mice and found that treatment leads to an increase in pro-
portions of Tfh-like clusters (fig. S2A). To ensure consistency with 
other experiments, we performed further scRNA-seq analyses using 
the run with NICD protector. Principal components analysis (PCA) 
was used for dimension reduction, hierarchical clustering of the 
cells, and tSNE visualization (Fig. 2A and fig. S2B). Seven distinct 
clusters were enriched for genes associated with the following: Tfh 
cells (clusters 1 to 3, 37% of cells), Tcm cells (clusters 4 and 5, 45% of 
cells), and TH1 cells (clusters 6 and 7, 18% of cells) (Fig. 2, A and B, 
and fig. S2B). The top defining genes in the Tfh clusters included 
established Tfh markers such as Izumo1r, Pdcd1, and Sh2d1a, as well 
as transcription factors expressed by CD4+ memory cells, including 
Klf6, Jun, and Junb (Fig. 2, B and C) (23, 29). Tcm and TH1 clusters 
(4 to 7) exhibited higher expression of Il7r, S100a4, S100a6, Selplg, 
and various integrins (Fig. 2, B and D), whereas clusters 6 and 7 were 
enriched for genes associated with TH1 differentiation including 
Cxcr6, Ccl5, Nkg7, and Id2 (Fig. 2, B and E). Among TH1 clusters, 
cluster 7 represented the subset highest in Selplg, Ly6c2, and Il7r, 
whereas cluster 6 expressed higher levels of Cxcr6 and Id2 along with 
signatures of dysfunction and exhaustion (fig. S2, C to E) (20, 30). 
Cluster cell type identities were confirmed by scoring each cell for 
signature genes obtained from publicly available datasets and exam-
ining the scores across clusters (Fig. 2F and fig. S2F). Tfh and TH1 
signatures matched well with clusters 1 to 3 and 6 to 7, respectively, 
whereas clusters 4, 5, and 7 were enriched for the Tcm precursor 
signature reported by Ciucci et al. (20) (Fig. 2F).

Within Tfh clusters 1 to 3, we observed stable expression of Izumo1r, 
which encodes FR4. Although the function of this receptor on T cells 
is not well understood, it has been shown to be expressed on Tfh 
effector and memory cells, as well as on anergic and regulatory 
CD4+ T cells (23, 31, 32). Compared with Cxcr5 and Pdcd1, Izumo1r 
served as a much cleaner transcriptional marker of the boundary 
between Tfh and non-Tfh cells (Fig. 2, G and H). Unlike Izumo1r, 
Cxcr5 expression was also detected in non-Tfh clusters, although with 
a slight decrease from Tcm to TH1 (Fig. 2H). These findings were 
confirmed at the protein level, where CXCR5hi gating includes both 
FR4hi and FR4lo cells, whereas FR4hi gating largely excludes CXCR5lo 
cells (Fig. 2K). Unexpectedly, Ccr7 expression, highest in clusters 4 
and 5, was negatively correlated with Cxcr5 in cells from animals 
treated with NICD protector (in the bottom 4% of all genes), whereas 
cells from untreated animals showed a slight positive correlation (in 
the top 27% of all genes) (Fig. 2G). This trend was mainly driven by 
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the bona fide Tfh clusters (1 to 3) preferentially rescued from NICD, 
as illustrated by imputed expression levels of Cxcr5 versus Ccr7 
(Fig. 2I). A similar negative correlation was found between protein 
expression levels for CCR7 and CXCR5, with the highest CCR7- 
expressing cells falling within the Ly6CloPSGL1hi (hereafter Tcm) 
compartment (Fig. 2J and fig. S2G). Long-lived GP66-specific Tfh 

cells found in lymph nodes also expressed lower levels of CCR7 
compared with Tcm, consistent with the idea that Tfh cells generated 
in lymphoid organs are a noncirculating population similar to resident 
memory cells (fig. S2H) (33). Tfh cells have a higher expression of 
CD69 and enrichment for residency-associated genes (fig. S2, I and J) 
(34–36). Together, the use of FR4 as a marker for long-term Tfh identity 
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Fig. 1. Tfh cells are susceptible to death during isolation. (A) Flow cytometry analysis of GP66-specific CD4+ T cells isolated from the spleen at indicated time points 
after infection, with or without NICD protector using different gating strategies to identify long-lived Tfh cells (Ly6CloPSGL1lo, CXCR5hiPD1hi, or FR4hiLy6Clo). (B) tSNE plots 
of the GP66-specific CD4+ memory compartment with (middle and right) or without NICD protector (left) and overlaid P2X7R expression with red indicating the highest 
expression level (right). (C) Quantification of GP66-specific TH1 memory (red, Ly6ChiPSGL1hi) or long-lived Tfh cell (blue, Ly6CloPSGL1lo) numbers over time with (solid lines) 
or without (dashed lines) NICD protector gated as in Fig. 1D. Thin lines represent the means ± SD. (D) Representative flow cytometry plots and geometric mean fluores-
cence intensity (hereafter MFI) of the indicated marker in GP66-specific CD4+ memory cell subsets TH1 (red), Ly6CloPSGL1hi (green), and Tfh (blue) >40 days after infection. 
Data represent N = 2 independent experiments for (D) with n = 3 to 5 mice per group. Unpaired two-tailed Student’s t test was performed on each individual time point 
(C). *P < 0.05, **P < 0.01, ****P < 0.0001.
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improves upon previous gating strategies, which either allocate too 
many Tcm cells into a Tfh gate or depend upon markers like PD1, 
which is known to decline over time. We additionally noted that Hif1a, 
a transcription factor normally associated with glycolysis, was one 
of the top genes expressed by Tfh cells, consistent with the recently 
reported enrichment of this transcription factor in Tfh effectors and 
resident memory cells (Fig. 2B) (37–39). Together, these data high-
light clear transcriptional distinctions between Tcm cells and the ul-
timately more persistent NICD-rescued Tfh cells.

Long-lived Tfh cells are constitutively glycolytic
In addition to Hif1a expression, long-lived Tfh cells were enriched 
for mammalian target of rapamycin (mTOR)– and cyclic adenosine 
3′,5′-monophosphate (cAMP)–regulated genes, suggesting a metabolic 
signature similar to that observed in trained immune cells (Fig. 3A 
and fig. S3, A to C) (40–44). Enhanced activation of mTOR-regulated 
genes was also observed in secondary analysis of microarray data on 
bulk sorted SMARTA Tfh memory cells (where PD1 protein expres-
sion was negative) and in recently published single-cell data from 
GP66-specific Tfh memory cells (fig. S3, D and E) and was further 
confirmed by quantitative polymerase chain reaction (qPCR) of 
mTOR- regulated genes in sorted CD4+ GP66-specific memory T cell 
populations (Fig. 3B) (3, 20, 43). These data indicate that long-lived 
Tfh cells may constitutively engage a glycolytic metabolism. To assess 
mTORC1 activity, we measured phosphorylation of TORC1 target 
ribosomal protein S6 (p-S6) directly after T cell isolation (Fig. 3C 
and fig. S3F). Both GP66-specific Tfh cells and CD44+ Tfh cells, which 
are phenotypically similar to antigen-specific Tfh cells (fig. S3G), ex-
hibited increased p-S6 compared with TH1 memory cells (Fig. 3C and 
fig. S3F). To exclude modulation of p-S6 due to tetramer-induced 
activation, we conducted experiments on ice with dasatinib, a 
tyrosine kinase inhibitor shown to temporarily block TCR-mediated 
signal transduction (45). Consistent with mTOR activation, long-
lived Tfh cells had increased uptake of the fluorescent glucose analog 
2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose) 
(2-NBDG) and an increased baseline extracellular acidification rate 
(ECAR) compared with TH1 memory cells (Fig. 3, D and E). How-
ever, alongside this apparent increase in glycolytic metabolism, long- 
lived Tfh cells had slightly decreased expression of the amino acid 
transporter CD98 and the transcription factor c-myc (classically 
viewed as activation markers) compared with TH1 memory cells, 
indicating that not all measures of anabolic activity are increased 
(Fig. 3, F and G).

To determine whether the shift toward glycolysis by long-lived 
Tfh cells was accompanied by a reduction in oxidative metabolism, 
we also assessed their baseline oxygen consumption rate (OCR). Al-
though we observed a slight reduction in basal respiration by long-
lived Tfh cells compared with TH1 memory cells, the maximum 
respiration and spare respiratory capacity were similar between these 
two populations (Fig. 3H). Transcriptionally, long-lived Tfh cells were 
also enriched for genes associated with oxidative phosphorylation 
and mitochondrial respiration, a signature associated with CD8+ 
memory T cell survival (fig. S3H). Because Tfh effectors were previ-
ously reported to have decreased mTOR activation and reduced 
glycolysis (46), we also assessed the metabolic capacity of cells isolated 
at day 10 after infection, reasoning that NICD protector might 
improve their survival and fitness. At this time point, Tfh effectors 
had slightly reduced basal ECAR compared with TH1 effectors but 
demonstrated normal glycolytic flux after the addition of carbonyl 

cyanide p- trifluoromethoxyphenylhydrazone (Fig. 3I). Similar to 
long-lived Tfh cells, Tfh effectors had equivalent baseline and maximal 
respiratory capacity to TH1 effectors, indicating that in contrast 
to an earlier report, Tfh cells isolated at earlier time points are also 
metabolically fit (Fig. 3J) (12). To test whether these discrepancies 
can be explained by the effect of NICD protector, we compared cell 
viability and 2-NBDG uptake with or without NICD protector from 
T cells isolated at days 10 (effector) and 110 (memory) after infec-
tion. NICD protector predominantly improved the viability of the 
Tfh subset as measured by annexin V staining (fig. S3, I and J). In ad-
dition, annexin V–negative Tfh cells from unprotected mice failed to 
take up 2-NBDG, demonstrating a fundamental metabolic difference 
from NICD- protected Tfh cells (fig. S3K). These results indicate that 
both Tfh effector and memory cells have greater metabolic capacity 
than previously appreciated.

To assess whether glycolysis/mTOR signaling are required to 
maintain long-lived Tfh cells, we examined Tfh cell survival in mice 
treated with the glycolysis inhibitor 2-deoxyglucose (2-DG) and 
rapamycin starting at day >40 after LCMV infection. After 2 weeks 
of 2-DG/rapamycin treatment, both the proportion and number of 
long-lived Tfh cells were significantly decreased, with the remaining 
Tfh cells showing reduced size consistent with less mTOR activation 
(Fig. 3, K and L, and fig. S3L) (46). Signaling through P2X7R was 
recently suggested to restrain mTOR activation, leading to improved 
survival of CD8+ memory T cells (47). In contrast, P2X7R signals 
have been shown to restrain accumulation of Tfh effectors in Peyer’s 
patches (24). To assess whether P2X7R signals promote or restrain 
long-lived Tfh cell survival, we generated radiation bone marrow 
chimeras with a mixture of wild-type and P2X7R-deficient bone 
marrow. Sixty days after LCMV infection, P2X7R-deficient T cells 
generated an increased proportion of all memory cells, with the 
most significant increase in the Tfh compartment (Fig. 3, M and N). 
These data demonstrate that P2X7R is a key negative regulator of 
long-lived Tfh cell accumulation and are consistent with a role for 
P2X7R in restraining mTOR activation.

Antigen is not required for the survival of long-lived Tfh cells
Glycolytic metabolism in T cells is often associated with activation 
and effector cell proliferation. To understand whether long-lived 
Tfh cells are responding to ongoing antigen stimulation, we exam-
ined Nur77 expression in LCMV-infected Nur77 reporter mice. 
About 30% of PSGL1loLy6Clo Tfh cells were Nur77 positive, with a 
slightly higher percentage in the CXCR5hiPD1hi Tfh compartment 
(Fig. 4A). Whereas PD1 expression was moderately increased on 
Nur77+ compared with Nur77− Tfh cells, it was much higher in both 
of these populations than in non-Tfh cells (Fig. 4B). Although these 
data indicate that a fraction of the long-lived Tfh compartment 
continues to respond to antigen, we did not observe a positive cor-
relation between PD1 expression and 2-NBDG uptake. Glucose 
uptake within the Tfh compartment is thus unlikely to be related 
to antigen stimulation (fig. S4A). Furthermore, increased 2-NBDG 
uptake was maintained by long-lived Tfh cells at >400 days of infection, 
by which time PD1 expression by Tfh cells has decreased (fig. S4B). 
To understand whether the glycolytic metabolism observed in long-
lived Tfh cells is related to proliferation, we administered bromo-2′- 
deoxyuridine (BrdU) in the drinking water of LCMV-infected mice 
beginning 40 days after infection. After 12 to 14 days, about 4 to 9% 
of Tfh cells incorporated BrdU, with a slightly higher proportion 
of CXCR5hiPD1hi Tfh cells staining positive (Fig. 4C). FR4-negative 
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Tcm cells containing a mixture of CXCR5+ and CXCR5− cells showed 
a similar level of in vivo cycling with about 3% of cells staining for 
BrdU, whereas 15% of TH1 memory cells stained positive, demon-
strating more extensive proliferation by this subset (Fig. 4C). The 
glycolytic phenotype observed in long-lived Tfh cells is thus not 
strongly correlated with extensive cell division, although the slightly 
increased BrdU incorporation by CXCR5hiPD1hi Tfh cells may be 
related to ongoing antigen stimulation. To better understand the 
contribution of antigen to maintaining the long-lived Tfh compart-
ment, we transferred LCMV-specific effector cells isolated at day 10 

after infection into either LCMV infection matched or naïve recipients, 
followed by analysis of donor T cell phenotype. Thirty days after 
primary infection, TH1 memory cells were nearly absent in both 
transfer scenarios, indicating that TH1 effector cells survive poorly 
in this setting (Fig. 4D). In contrast, GP66-specific Tfh cells were 
detected in both antigen-free (naïve) and infection-matched mice. 
Although fewer Tfh cells (with dampened expression of CXCR5 and 
PD1) were recovered from naïve mice, this may be partially due to 
ongoing expansion of Tfh effector cells in LCMV-infected recipients 
between days 10 and 15 after transfer (Figs. 1C and 4, D and E). The 
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long-lived donor Tfh cells maintained high expression of FR4 with 
or without antigen, consistent with scRNA-seq data identifying 
Izumo1r/FR4 as a superior marker for long-lived Tfh cells (Figs. 2, 
C and H, and 4, D and E). Together, these data indicate that although 
Tfh cells with high expression of CXCR5 and PD1 survive optimally 
in the presence of antigen, they nevertheless persist in its absence 
and without classical signs of activation or proliferation.

Tfh cells generate multiple cell fates upon recall
Despite maintaining a glycolytic phenotype, long-lived Tfh cells are 
enriched for genes regulated by Tcf7 (encoding TCF1) and highly 
express Cd27, a marker associated with memory T cell survival, cyto-
kine production potential, and stemness (Fig. 5, A and B) (48–50). 
Although higher expression of Tcf7 in long-lived Tfh cells matched 
higher expression of TCF1 protein, CD27 protein expression was 
substantially lower in Tfh compared with TH1 memory cells (Fig. 5, 
C and D). To determine whether the discrepancy between the CD27 
gene expression and protein expression was due to P2X7R-mediated 
shedding, we examined CD27 on memory cells isolated from LCMV- 
infected mixed bone marrow chimeras reconstituted with an equal 
mixture of P2X7R-deficient and wild-type bone marrow cells (51). 
We observed higher expression of CD27 on P2X7R-deficient long-
lived Tfh cells compared with both wild-type Tfh and TH1 memory 
cells (Fig. 5D). Consistent with high expression of both Tcf7 and 
Cd27, Tfh cells were also enriched for “early memory”–associated 
genes (fig. S5A) (52). In addition, construction of a cell develop-
mental trajectory indicated that Tfh and TH1 memory cells occupied 
opposite ends of a pseudotime trajectory, predicting enhanced dif-
ferentiation plasticity in one of these subsets (Fig. 5E and fig. S5, 
B and C) (53). To test this in vivo, long-lived Tfh (FR4hiPSGL1loLy6Clo), 
TH1 memory (FR4loPSGL1hiLy6Chi), and Tcm (FR4loPSGL1hiLy6Clo) 
cells were sorted from LCMV-infected mice and transferred into naïve 
congenic recipients, followed by secondary challenge with LCMV 
(Fig. 5F). To prevent tetramer-induced activation, we stained cells 
for transfer in the presence of dasatinib. Twelve days after recall in-
fection, transferred Tfh cells differentiated into both Tfh and TH1 
effectors, demonstrating lineage flexibility (Fig. 5, G and H). Con-
sistent with a stem-like character, transferred Tfh donor cells also 
expanded most upon reactivation, generating the largest pool of each 
secondary effector subset (Fig. 5I). In contrast, Tcm cells maintained 
the capacity to differentiate into both Ly6Chi and Ly6Clo effectors, 
but generated few Tfh effectors, suggesting more limited plasticity 
(Fig. 5, G to I). Consistent with several reports, TH1 memory cells 
almost exclusively gave rise to Ly6Chi effectors, indicating more 
terminal differentiation of these cells (Fig. 5, G to I) (3, 6). Together, 
these data demonstrate that despite engaging an anabolic metabolism 
often associated with effector cell proliferation and differentiation, 
long-lived Tfh cells have a stem-like, early memory signature and 
maintain the capacity to differentiate into multiple types of effectors 
after secondary challenge.

Epigenetic regulation of long-lived Tfh cells
To assess whether the distinct transcriptional signatures observed 
in Tfh and TH1 memory cells were also apparent at the epigenetic 
level, we compared chromatin accessibility of TH1 memory, long-
lived Tfh, and naïve T cells by assay for transposase-accessible chro-
matin using sequencing (ATAC-seq) (54). The majority of called 
peaks were shared among these three populations, with the highest 
number of unique peaks present in naïve CD4+ T cells (fig. S6A). 

PCA revealed that Tfh and TH1 memory cells are set apart from 
naïve T cells along PC1 yet separated from each other along PC2, 
indicating distinct accessibility profiles (Fig. 6A). Whereas TH1 
memory cells had more differentially open peaks annotated to 
exons, introns, and distal intergenic regions, long-lived Tfh cells had 
about 50% more differentially accessible peaks in promoter regions 
(fig. S6B). We thus focused on the significantly differentially acces-
sible promoter regions with a high fold change (log2 fold change > 1 
and false discovery rate < 0.05) between at least two of the T cell 
subsets and performed hierarchical clustering. This resulted in clusters 
of genes with common accessibility patterns: e.g., up in naïve, up in 
memory, and up in naïve and long-lived Tfh (Fig. 6B and fig. S6C). 
For example, the Foxp1 promoter was exclusively accessible in naïve 
CD4+ T cells, consistent with its role as a gatekeeper of the naïve to 
memory T cell transition (55). Integrative analysis of ATAC-seq and 
RNA-seq data (in silico pseudo-bulk samples derived from scRNA-
seq data) revealed a correlation between the promoter accessibility 
and expression of genes defining Tfh and TH1 memory cell subsets 
(Fig. 6C) (3). Consistent with a study that assessed the DNA meth-
ylation status of various cytokine loci in Tfh and TH1 memory cells 
(3), we observed that the Gzmb promoter was exclusively accessible 
in TH1 memory cells, whereas the Ifny promoter was accessible in 
both populations, albeit at slightly lower levels in long-lived Tfh cells 
(Fig. 6D). In contrast to this earlier study, however, the promoter 
accessibility of the hallmark Tfh cytokine, Il21, was restricted to 
long-lived Tfh cells (Fig. 6D). In addition, one of the most accessible 
cytokine promoter regions in long-lived Tfh cells was the epidermal 
growth factor–like ligand amphiregulin (Areg), notable for its role in 
restoring tissue integrity after infection (56). To further assess dif-
ferences in the transcriptional regulation of Tfh and TH1 memory cells, 
we analyzed enriched binding motifs in called peaks using Hyper-
geometric Optimization of Motif EnRichment (HOMER) (57). In 
agreement with the scRNA-seq data, long-lived Tfh cells were en-
riched for motifs belonging to the TCF transcription factor family 
and activating protein 1 (AP1) family members, which are known 
to be similarly regulated in CD8+ memory cells (Fig. 6E) (58, 59). In 
contrast, TH1 memory peaks exhibited increased Runx and T-box 
transcription family member binding sites, consistent with the co-
operation of these transcription factors in regulating interferon- and 
stabilizing TH1 fate in CD4+ T cells (Fig. 6F) (60, 61). These observa-
tions were further validated by applying single-cell regulatory network 
inference and clustering to the scRNA-seq data, which highlighted 
TCF/AP1 and Runx family members as regulators in long-lived Tfh 
and TH1 memory, respectively (fig. S6D). We next assessed functional 
pathways in the ATAC-seq data by running gene set enrichment 
analysis (GSEA) on differentially accessible promoter regions in long- 
lived Tfh compared with TH1 memory cells using both standard gene 
set categories and sets curated from relevant publications (fig. S6E). 
Here, we observed increased promoter accessibility in long-lived 
Tfh cells of Rptor- and Tcf7-regulated genes and genes activated in 
response to cAMP, suggesting that the anabolic and stem signatures 
of this population are strongly regulated at the epigenetic level 
(fig. S6E).Last, using Ingenuity Pathway Analysis (Qiagen, version 
01-14) to probe the functional regulation of long-lived Tfh cells, we 
identified ICOS-inducible T-cell costimulator ligand (ICOSL) sig-
naling as one of the top pathways enriched in both ATAC-seq and 
scRNA-seq datasets (fig. S6F) (62). These data raise the possibility that 
ICOS-mediated signals contribute to the maintenance and identity of 
long-lived Tfh via specific epigenetic modifications.
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ICOS signaling maintains Tfh cell identity at late time points
Although ICOS has an established role in primary Tfh responses, its 
role in maintaining CD4+ T cells in the long term is less clear. ICOS 
signaling has been shown to induce the expression of Tcf7 in Th17 
memory cells that maintain the plasticity to differentiate after 
stimulation (63). ICOS can also induce mTORC1 activation in both 
Tfh effector and T follicular regulatory effector cells, leading to further 
stabilization of the follicular T cell program (43, 64, 65). To test the 
hypothesis that ICOS signals contribute to the integration of stemness 
and anabolic metabolism in long-lived Tfh cells, we treated LCMV- 
infected mice with anti-ICOSL starting at day >50 after infection 

(Fig. 7A). After 12 days of treatment, the number of GP66-specific 
Tfh cells was decreased in anti-ICOSL–treated mice (Fig. 7B). Tfh cells 
remaining after ICOS blockade had decreased expression of TCF1 
and reduced activation of mTOR as measured by cell size (fig. S7, A 
and B). To further characterize the effects of anti-ICOSL blocking 
on long-lived Tfh cells, we performed RNA-seq at day 60 after infec-
tion on control and treated mice. Cells from mice treated with anti- 
ICOSL for 12 days before harvest exhibited lower transcription of 
key Tfh genes such as Pdcd1, Cxcr5, and Bcl6, whereas known TH1 
survival factors such as Bcl2 and Il7r were increased (Fig. 7C). GSEA 
showed decline of Tfh-defining, resident memory, Rptor-regulated, 
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and stem cell–associated sets in treated samples compared with con-
trols (Fig. 7D). These data emphasize the importance of ICOS sig-
nals in maintaining long-lived Tfh identity.

At late time points after LCMV infection, antibody titers are 
maintained by plasma cells present in the bone marrow (66, 67). 
However, up to 1 year after infection, about 20% of the total plasma 
cell compartment is found in the spleen, with an estimated half-life of 
172 days (68, 69). The contribution of long-lived Tfh cells to plasma 
cell maintenance or antibody titers has not been considered due to 
the previous inability to detect Tfh cells at late time points. To assess 
whether late ICOS blockade and subsequent decline of the long-lived 
Tfh cell compartment affect late phase humoral responses, we mea-
sured LCMV-specific antibody titers in the serum of treated and 
control mice at day >60. Here, we observed an almost twofold de-
crease in NP-specific immunoglobulin G (IgG) antibody titers with 
ICOS blockade (Fig. 7E). To determine whether the decline in anti-
body titers correlated with fewer plasma cells in the bone marrow or 
spleen, we measured the number of NP-specific plasma cells by 
ELISpot. Here, we observed that anti-ICOSL treatment correlated 
with a twofold decrease in the number of splenic plasma cells, with 
no impact on the number of bone marrow plasma cells (Fig. 7E). 

Assuming that ICOS blocking is 100% efficient and that circulating 
IgG has a half-life of about 8 days, these data reveal a sizeable and 
ongoing contribution of splenic plasma cells to antibody maintenance 
at this time point (fig. S7C). Because both anti-ICOSL and 2-DG/
rapamycin treatments result in decreased numbers of long-lived Tfh cells, 
we tested whether antibody titers decrease after 2-DG/rapamycin 
treatment. 2-DG/rapamycin did not affect circulating antibody titers 
(fig. S7D). One possible explanation is that the low dose of rapamycin 
used primarily inhibits mTORC1 signaling, whereas ICOS signals 
are additionally mediated by mTORC2 (43). In support of this idea, 
anti-ICOSL treatment decreased the expression of mTORC2 target 
proteins IL-7R and CCR7 on Tfh cells, whereas Tfh cells from 2-DG/
rapamycin and control mice maintained higher levels of these proteins 
(fig. S7E).

To further assess humoral responses, we counted germinal cen-
ters (GCs) at late time points after LCMV infection using immuno-
histochemistry. Although GCs were clearly detected at day 15 after 
infection, their number at day 54 was comparable with the number 
in uninfected mice of a similar age (fig. S7F). We next used an NP 
tetramer to determine whether virus-specific B cells were affected 
by ICOSL blockade (70). Numbers of IgD, IgM, and isotype-switched 
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immunoglobulin (swIg) memory B cells were unaffected, but there 
was a significant decrease in the number and proportion of GL7+ B 
cells (fig. S7G and Fig. 7E). These cells did not express Fas, a marker 
normally associated with active GC B cells and that, when absent, has 
been reported to preferentially support plasma cell differentiation 
(fig. S7H) (71). GL7+Fas− B cells were also negative for CD38 and 
CD138, distinguishing them from B memory or plasmablasts (fig. 
S7I). In addition, most of these cells were double negative for IgM 
and IgD and expressed both CD73 and CD80, markers associated 
with prior participation in a GC reaction (fig. S7J) (72). Together, 
these data demonstrate an essential role for ICOS signaling in main-
taining the long-lived Tfh compartment and plasma cell survival in 
the spleen.

DISCUSSION
In this study, we determined that the CD4+ memory compartment 
contains an abundant and highly persistent population of long-lived 
Tfh cells with broad recall capacity after secondary challenge. The 
presence of Tfh memory has been controversial. Although cells with 
Tfh cell markers have been identified in the memory phase after in-
fection, it is unclear whether they represent an ongoing immune 
response, whether they are “rested down” Tfh memory cells, or whether 
they are a distinct population of self-renewing Tcm cells with Tfh-like 
characteristics (73). Our data demonstrating the extreme suscepti-
bility of Tfh cells to death during isolation from the tissue shed light 
on the previous difficulty in discriminating these possibilities. Earlier 
studies reporting that Tfh memory cells have a muted phenotype, 
with decreased or absent expression of CXCR5 and PD1, respectively, 
were conducted with monoclonal populations of TCR transgenic cells 
transferred in high numbers that may not accurately reflect the breadth 
in differentiation of a polyclonal repertoire (3, 12, 21). Consistent 
with the idea that T cell differentiation can be partially informed by 
TCR signals, a cell-intrinsic bias for various TCR transgenic strains 
has previously been reported (21). In addition to confirming more 
limited long-lived Tfh differentiation by two distinct TCR transgenic 
strains, we show that treatment with NICD protector rescues poly-
clonal Tfh cells at all time points, preserving their phenotype and 
exposing their metabolic fitness and unexpected longevity. In con-
trast, Tcm cells, generally considered to be self-renewing and multi-
potent, are largely absent at the latest time points after infection. 
Previous studies have suggested the existence of memory cells with 
a hybrid Tfh/Tcm phenotype, namely, dual expression of CXCR5 and 
CCR7 (6, 12, 20). Our data on NICD-susceptible samples confirm a 
population of CXCR5+CCR7+ memory cells that likely represents 
cells on the border of transition from Tfh to Tcm/TH1. However, the 
addition of NICD protector reveals that these transitional cells 
constitute a small minority of the total CD4+ population at memory 
time points. When cells are protected from NICD, CCR7 and CXCR5 
are negatively correlated. In addition, we show that CXCR5 as a marker 
to define the Tfh memory compartment is complicated by the expres-
sion of this protein in non-Tfh subsets. Using scRNA-seq and flow 
cytometry, we demonstrate that long-lived Tfh and Tcm populations 
are more clearly discriminated by Izumo1r/FR4 expression.

We further show that long-lived Tfh cells require ongoing ICOS 
signals and mTOR/glycolysis for their survival. These observations 
suggest that maintenance of long-lived Tfh cells is an active process. 
In the absence of ICOS signaling, long-lived Tfh cells may re-localize 
and acquire TH1 memory cell characteristics, as previously reported 

for Tfh effector cells (74). This idea is consistent with our experiments 
demonstrating the inherent plasticity of long-lived Tfh cells after 
transfer, although under unperturbed conditions, ICOS-mediated 
retention of long-lived Tfh cells in proximity with B cells may limit 
their secondary effector potential. These data are also in line with a 
recent study showing the importance of ICOS signals for the main-
tenance of lung-resident CD4+ T cells induced by tuberculosis infec-
tion (75). Our scRNA-seq data reveal transcriptional similarity between 
long-lived Tfh and Trm cells, both recognized as noncirculating sub-
sets. As both residency and mTOR gene expression signatures are 
reduced in long-lived Tfh cells after ICOS blockade, it will be inter-
esting to determine whether ICOS and mTOR signals are required 
to sustain Trm cells after acute infection.

The constitutive glycolytic phenotype we observed in long-lived 
Tfh cells occurs together with high expression of TCF1 and CD27, 
both associated with self-renewal and plasticity. These data are notably 
in contrast to many studies showing a positive correlation between 
catabolic metabolism and stem-like features. In general, effector T cell 
differentiation is associated with a more glycolytic metabolism, whereas 
memory T cells exhibit a shift toward oxidative metabolism (76). 
Previous studies have shown that inhibition of mTOR signals pro-
motes the generation of both CD4+ and CD8+ memory T cells (77–79). 
mTOR activation was also recently shown to mediate the differen-
tiation of metabolically quiescent, TCF1-positive TH17 cells into 
inflammatory TH1 effectors (50). On the other hand, CD4+ memory 
T cells require Notch-dependent glucose uptake for survival, and 
CD8+ T cells with enforced glycolytic metabolism are still able to 
generate memory T cells with robust recall capacity, albeit with a 
bias toward the CD62Llo Tem phenotype (80, 81). Similarly, human 
CD4+ Tem cells have an increased glycolytic reserve and depend on 
glycolysis to maintain mitochondrial membrane potential, regulating 
both survival and recall potential (82). Together, our findings suggest 
that engagement of a specific metabolic pathway does not universally 
underlie the differentiation of memory T cells and that different types 
of memory T cells may preferentially use metabolic pathways that are 
tuned to a particular immune context (e.g., availability of cytokines, 
nutrients, antigen, etc.).

Last, our data reveal an unexpected role for Tfh cells in supporting 
splenic plasma cells and systemic antibody titers at time points when 
the immune response has supposedly died down. Because of the ap-
parent absence of long-lived Tfh cells without NICD protector, a role 
for Tfh cells was not previously considered. One possibility is that 
persistent antigen fuels the continuous differentiation of memory 
B cells into plasma cells (83). The observation of decreased NP-specific 
GL7+ B cells after ICOS blockade is compatible with this idea, al-
though GL7+ B cells isolated at these late time points did not express 
Fas and therefore have an unusual phenotype. It is possible that 
GL7+Fas− cells received fewer costimulatory signals (e.g., CD40 
cross-linking), which would otherwise induce Fas expression, or 
that these cells are recent GC emigrants, which may later up-regulate 
CD38 and transition into the memory B cell compartment. We also 
did not see a change in NP-specific plasmablast numbers, although 
we cannot exclude effects of technical limitations. In addition, abun-
dant Tfh cells were detected 400+ days after infection, which points 
to either astonishingly long antigen persistence or an alternative 
explanation. Another possibility is that ICOS blocking interferes with 
the structural organization of the spleen and/or plasma cell niche. 
Plasma cell survival depends on the availability of soluble factors, 
such as IL-6, IL-21, and B-cell activating factor (BAFF), all of which 
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can be produced by Tfh cells (84). Both CD4+ T cells and BAFF were 
recently identified as key factors supporting the survival of splenic 
plasma cells, but the nature of CD4+-derived signals was not report-
ed (85). One way to discriminate the function of long-lived Tfh cells 
will be to understand where these cells are localized. During the ef-
fector phase, Tfh cells localize to B cell follicles by interacting with 
ICOSL expressed by bystander B cells (86). If long-lived Tfh cells sup-
port the conversion of memory B cells into plasma cells, we would 
expect this colocalization to continue at late time points after infec-
tion. On the other hand, if long-lived Tfh cells directly provide sur-
vival signals to plasma cells, they may be localized in or near the red 
pulp. In this scenario, long-lived Tfh cell interactions with CD11c+ 
ICOSL- expressing antigen presenting cells would be impaired by 
ICOSL blockade, leading to a loss of Tfh cells (87).

The observation that ICOS blocking reduces NP-specific IgG titers 
roughly twofold is unexpected if splenic plasma cells make up only 
20% of the total plasma cell pool, as has been previously estimated 
(67). One possibility is that this original calculation underestimates 
the number of splenic plasma cells at this time point; alternatively, 
antibody output from splenic plasma cells may be higher compared 
with bone marrow cells. With respect to the first possibility, the orig-
inal estimate of 20% is based on the number of plasma cells in the 
mouse femur, under the assumption that all bone marrow compart-
ments have equivalent plasma cell activity. However, a recent study 
in macaques demonstrated that plasma cells preferentially accumulate 
in the femur compared with other bones, suggesting that the current 
conversion factor for mice—based solely on counts from the femur— 
may overestimate the total number of bone marrow splenic cells (88).

In summary, our data establish long-lived Tfh cells as an attractive 
target for vaccination. The question remains, however, as to whether 
these cells can be termed memory cells. This debate assumes a classical 
definition of memory, hinging on questions of antigen availability 
and dependence. Although our experiments demonstrate that a large 
proportion of polyclonal Tfh cells can survive in the absence of anti-
gen, their recovery is highest after transfer into infection-matched 
recipients. Nevertheless, at day 400+ after infection, when residual 
antigen is unlikely to play a major role, Tfh cells make up a substantial 
proportion of the antigen-specific compartment. When identified by 
the absence of CCR7 and CD62L, long-lived Tfh cells can be considered 
a Tem subset. CD4+ Tem cells were recently shown to be generated in 
response to a universal influenza vaccination and to correlate with 
accelerated and improved cellular and humoral secondary responses 
after challenge (89). In contrast, the unanticipated scarcity of Tcm cells 
at late time points that we report here combined with their more 
limited recall potential indicates that vaccines targeting Tcm may not 
offer optimal long-term protection.

MATERIALS AND METHODS
Study design
The aim of this study was to understand the longevity and differen-
tiation potential of distinct CD4+ memory T cell subsets. We used 
the murine LCMV infection model and major histocompatibility 
complex II tetramers to identify polyclonal antigen-specific CD4+ 
memory T cells. Detailed descriptions of experimental parameters 
(sample sizes, number of experimental replicates, and statistical 
analysis) can be found below or in figure legends. Infected mice were 
randomly assigned to treatment versus control groups. Analysis of 
the experimental data was conducted in an unblinded manner.

Mice
Mice were bred and housed under specific pathogen-free conditions 
at the University Hospital of Basel according to the animal protection 
law in Switzerland. For all experiments, male or female sex-matched 
mice that were at least 6 weeks old at the time point of infection 
were used. The following mouse strains were used: C57BL/6 CD45.2, 
C57BL/6 CD45.1, Nur77 green fluorescent protein (GFP), c-myc 
GFP (provided by T. Schroeder, Department of Biosystems Science 
and Engineering, Switzerland), T-bet ZsGreen (provided by J. Zhu, 
National Institutes of Health, USA), P2X7R−/− (provided by F. Grassi, 
Institute for Research in Biomedicine, Switzerland), SMARTA, and NIP 
(S. Crotty, La Jolla Institute for Allergy and Immunology, USA).

NICD protector
Mice were intravenously injected with 25 g of commercial (BioLegend, 
no. 149802) or 12.5 g of homemade ARTC2.2-blocking nanobody 
s+16 (NICD protector) 15 min before organ harvest. NICD protector 
was used in every experiment (including adoptive transfers) except 
for when the goal was to compare NICD protector treatment to no 
treatment (Fig. 1, A and C, and figs. S1, C to E and G, and S3, I to K).

Statistical analysis
For statistical analysis, the tests that were used are specified in each 
figure legend. In time course experiments, statistical analysis was 
performed for each individual time point. Error bars show SD cen-
tered on the mean unless otherwise indicated. Data were analyzed 
with GraphPad Prism software (version 7 or 8). *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. ns, not significant.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/5/45/eaay5552/DC1
Methods
Fig. S1. Tfh cells are susceptible to death during isolation.
Fig. S2. FR4 discriminates long-lived Tfh from transcriptionally distinct Tcm.
Fig. S3. Long-lived Tfh cells are constitutively glycolytic.
Fig. S4. Antigen is not required for the survival of long-lived Tfh cells.
Fig. S5. Tfh cells generate multiple cell fates upon recall.
Fig. S6. Epigenetic regulation of long-lived Tfh cells.
Fig. S7. ICOS signaling maintains Tfh cell identity at late time points.
Fig. S8. Normalization of ATAC-seq data.
Table S1. Raw data file (Excel spreadsheet).
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Memory Tfh cells
Expression of a purinergic receptor P2X7R renders certain T cell subsets, including resident memory T (T

rm

) cells
susceptible to NAD-induced cell death (NICD). Injection of an NICD protector before harvesting them improves cell
recovery. Here, based on the observation that T follicular helper (T

fh

) cells also express P2X7R, Künzli et al. used NICD
protector to study the persistence of T

fh

 cells after LCMV infection in mice. They report that T
fh

 cells persisted for 400+
days after infection and that long-lived T

fh

 cells are glycolytic and are marked by high expression of folate receptor 4
(FR4). Upon reinfection, these FR4

+

 “memory” T
fh

 cells were capable of self-renewal and could also give rise to effector
and central memory cells.
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