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Humoral immunity is orchestrated by follicular helper T (Tfh) cells, which promote cognate B

cells to produce high-affinity, protective antibodies. In aged individuals, humoral immunity after
vaccination is diminished despite the presence of Tfh cells, suggesting defects after initial Tfh cell
formation. In this study, we utilized both murine and human systems to investigate how aging
alters Tfh cell differentiation after influenza vaccination. We found that young Tfh cells underwent
progressive differentiation after influenza vaccination, culminating in clonal expansion of effector-
like cells in both draining lymph nodes and blood. In aging, early stages of Tfh cell development
occurred normally. However, aging rewired the later stages of development in Tfh cells, resulting in
a transcriptional program reflective of cellular senescence, sustained pro-inflammatory cytokine
production, and metabolic reprogramming. We investigated the extent to which this rewiring of
aged Tfh cells is due to the age-associated inflammatory (“inflammaging”) microenvironment and
found that this setting was sufficient to both block the transition of Tfh cells to a post-effector
resting state and skew Tfh cells toward the age-rewired state. Together, these data suggest

that aging dampens humoral immunity by cytokine-mediated rewiring of late effector Tfh cell
differentiation into an activated, yet less functional, cellular state.

Introduction
The average age of the US population continues to rise, with approximately 1 in 5 US citizens currently
exceeding 65 years of age. It is established that the adaptive immune system changes with age and frailty.
While there is a lack of consensus regarding the relationship between age and vaccine responses, some
studies suggest that the magnitude of protective antibodies elicited by both primary vaccination and vac-
cine boosting (e.g., secondary/repeat vaccination) is attenuated in aged individuals (1-5). In addition, aged
individuals exhibit a reduced durability of vaccine-elicited antibodies, with titers that wane more rapid-
ly than those in young individuals (6, 7). There is increasing recognition that aged lymphocytes possess
unique cellular programming and are not simply attenuated versions of their youthful counterparts. The
aging microenvironment contains increased concentrations of some pro-inflammatory cytokines produced
by both immune and stromal cells, which creates a distinctive “inflammaging” microenvironment (8-10).
However, the precise mechanisms by which aging alters antibody-mediated immunity after vaccination are
poorly understood because of the complexity of the aging process.

The goal of vaccination is to elicit protective antibodies that persist for long periods; however, in some
circumstances, such as influenza vaccination, protection wanes rapidly (11). T follicular helper (Tfh) cells
stimulate B cells to undergo affinity maturation in germinal centers (GCs), eventually culminating in the
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development of memory B cells that respond upon antigen reexposure or plasma cells that produce high-af-
finity antibodies (12, 13). Newer data suggest that Tth cells undergo progressive differentiation, a process
that is required to generate effector Tth cells that promote the GC reaction (14). Some effector Tth cells can
partially downregulate the effector program but remain epigenetically poised, called a TfhEx state. Further-
more, a subset of Tfh cells assume a memory-like phenotype, exit the GC, and can be found circulating in
the peripheral blood (15). Since the magnitude of circulating Tth (cTfh) cells correlates with the quality,
quantity, and longevity of antibody responses in some settings, a fundamental goal of vaccination is to
induce sustained cTth responses (16—18). Conversely, T follicular regulatory (Tfr) cells dampen Tth-mediat-
ed B cell activation and antibody production, while optimizing affinity maturation (19).

The current paradigm suggests the GC reaction is altered in aged individuals. B cells exhibit age-relat-
ed functional changes, including decreased class switch recombination, bimodal somatic hypermutation,
decreased plasma cell differentiation, and enhanced expression of the transcription factor T-bet (19, 20).
Furthermore, aged Tfh cells exhibit altered tissue localization as well as transcriptional programming (21,
22). Intriguingly, the total frequency of Tth cells is higher in aged individuals (23), which is accompanied
by an increase in the prototypical Tth cytokine IL-21 in the serum of some aged individuals (24). Therefore,
aging does not limit the presence of Tth cells, per se, but may regulate the tissue localization and tran-
scriptional profile of Tth cells. However, how the complex physiology of aging alters Tth differentiation is
poorly understood.

In this study, we assessed how aging alters Tth differentiation in response to seasonal influenza vac-
cination, utilizing both murine models and human clinical samples. In both mice and humans, Tth cells
underwent progressive Tth development in response to influenza vaccination. Settings of aging were able
to support normal early stages of Tth development in lymph nodes and blood, including development of
stem-like progenitor Tth cells. However, aging induced rewiring in the later stages of Tth development,
culminating in transcriptionally distinct effector Tth cells with features of augmented effector states, cyto-
kine production, and cellular senescence. Extrinsically, the inflammaging microenvironment was sufficient
to induce some of these changes in late effector Tth differentiation, including the inability to transition to
a resting state, pro-inflammatory cytokine production, and a cellular senescence-like state. These studies
demonstrate that humoral immunity is uniquely wired in aging rather than simply an attenuated version of
a youthful immune system.

Results
Tfh cells clonally expand in lymph nodes and blood after influenza vaccination. Differentiation of Tfh cells has
recently been shown to require sequential developmental stages in lymphoid organs, such as the draining
lymph node (dLN), after vaccination (14). Some Tth cells can leave the dLN and enter the circulation
before full differentiation, but the relationship between these populations and those that reside in LNs is not
fully understood. Thus, we first assessed the clonal relationships of Tth cells in dLNs and blood of influen-
za-vaccinated mice. We administered an unadjuvanted quadrivalent influenza vaccine (Afluria Influenza
A+B, 2010-2011 formulation) to 8-week-old C57BL/6 mice and 10 days later sorted total follicular T cells
(gated as CD4*CXCR5*CD19; Tth and Tfr together) from the dLN and blood (Supplemental Figure 1A;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.187271DS1).
Cells were processed for single-cell RNA-Seq (scRNA-Seq) with matched TCR-Seq (Figure 1A). The 6,752
follicular T cells that passed quality control filters separated into 10 distinct clusters in uniform manifold
approximation and projection (UMAP) space (Figure 1B). Tissue origin was a dominant factor for the
positioning of cells in clusters, since follicular T cells from the dLN separated from the blood (Figure 1C).
Only a single cluster, cluster 6, contained cells from both the dLN and blood. However, even within this
cluster, we observed evidence of segregation. We then separated the follicular T cells into Tth and Tfr cells
by assigning cells that expressed Foxp3 or a T regulatory cell-dominant (Treg-dominant) transcriptional
profile as Tfr cells (Supplemental Figure 1, B and C). Tfr cells were found in cluster 2 of the blood, as well
as clusters 4 and 5 of the dLN, whereas Tth cells were found in all clusters (Figure 1D). Notably, the tissue
of origin was a stronger overall driver of transcriptional programs than Tfh versus Tfr cell type, consistent
with previous findings (25).

Reclustering of the 5,352 Tth and 1,391 Tfr cells independently revealed separation of dLN and blood
populations for both cell types (Supplemental Figure 1, E-K). Analysis of differentially expressed genes
(DEGs) between dLN and blood Tfh/Tfr cells identified 103 tissue-specific genes in common between Tth
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Figure 1. Expansion and clonal overlap of murine Tfh cells from LNs and blood after influenza vaccination. (A) Experimental schematic. Wild-type mice
(8-12 weeks of age) were administered the Afluria quadrivalent influenza vaccine (total 1.5 ug HA protein). After 10 days, CD4*CXCR5* cells were sorted

from both dLN and peripheral blood, and single-cell RNA sequencing (scRNA-Seq) with matched TCR-Seq was performed. (B-D) UMAPs of 7 = 6,752 cells

by unsupervised cluster assignment (B), by tissue (C), and by cell type (D). (E) (Left) TCRB-V and ] gene usage. Percentage indicates frequency of use in
dataset. (Right) Clonal sharing between the top 25 TCR clones by prevalence in LN and blood. Connecting lines indicate shared clones. (F) (Left) TCRp V-J
gene segment usage and (right) clonal sharing between Tfh and Tfr cells. (G) Clonal expansion (<0.01% “rare,” 0.01%-0.033% “small,” 0.033%-0.067%
“medium,” 0.067%-0.1% “large,” and >0.1% “hyperexpanded”) for LN and blood cells. (H) TCR complementarity-determining region 3 amino acid sequence
and predicted influenza specificity of the top 10 clones shared between LN and blood Tfh cells. Each clone is color coded. (I) TCRp -V gene usage for clones in
H. (J) UMAP of clones from H, including annotation of cluster 8 from B. (K) Module score for a Tfh Effector module (derived from ref. 14) expressed as a fea-
ture plot (left) or violin plot (right). Violin plot displays the Tfh Effector feature score 95% confidence interval for cells in indicated clusters, with the shape
indicating the probability density and horizontal line denoting the median value. (L) (Left) Differential gene expression between cluster 8 and clusters 3, 4, 5,
and 9 of the LN. (Right) Density plots for indicated genes. Data are from a single scRNA-Seq experiment of 2 individual mice concatenated.
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and Tfr, suggesting similar tissue-specific transcriptional programming (Supplemental Figure 1K). Genes
enriched in the blood compartment included some consistent with a quiescent state (KIf3, Duspl). In con-
trast, genes similarly enriched in dLN included genes associated with effector Tth cells (Bcl6, Pdcd1/PD-1,
1d3), as well as costimulatory molecules (Tnfisf4/ OX40, Tnfisf9/4-1BB).

Next, we compared TCR sequences to determine clonal overlap of Tfh cells in the dLN and blood after
influenza vaccination. Overall, TCRp chain V-J usage was similar in follicular T cell clones between dLN
and blood, suggesting clonal overlap (Figure 1E). Moreover, 0.5% of all, and 16% of the most abundant,
clones were shared with expanded Tfh clones in the blood, further supporting clonal overlap of Tth cells
after influenza vaccination (Figure 1E). Although the vast majority of Tfr cells are thought to originate
from natural Tregs, some studies have suggested a small portion of Tfr cells can originate from non-Tregs as
“induced” Tfr cells (26). However, consistent with prior reports (27), we found that TCRp gene usage was
distinct between Tth and Tfr cells. Furthermore, we observed minimal overlap of Tth clones with dLN or
blood Tfr cells, with only 0.08% of Tfr clones overlapping with Tth cells (Figure 1F). Notably, all Tfr clones
were singletons, and there was no evidence of clonal proliferation (Figure 1F).

The lower amount of clonal expansion in blood, compared with dLN, Tfh cells suggests circulating
cells have more clonal diversity (Figure 1G). Despite differences in the extent of clonal expansion, a small
subset of Tth clones were expanded in both the dLN and blood. Of the top 10 most expanded clones in
both tissues, all were predicted to have reactivity for influenza A virus. The most common predicted influ-
enza epitopes included HA, RNA polymerase, and matrix proteins (Figure 1H), though the top predicted
specificity for a few expanded clones was for other viruses or autoantigens (Supplemental Figure 1L).
Expanded Tth clones made use of a diversity of TCR V-gene segments; however, V20 was the most com-
mon (Figure 11). These Tfh clones were found in clusters 8 and 9 of the dLN as well as most Tth clusters
of the blood (Figure 1J). Cluster 8 had enrichment of a Tth effector gene module (derived from TthFull vs.
Tth progenitor-like, or TthProg, cells) (14), suggesting this population is a fully differentiated effector Tfh
population (Figure 1K). Consistent with this, Tfh effector genes 1121, Maf, Bcl6, 1l4, and Cd40lg were among
the most differentially expressed genes in this cluster (Figure 1L) (14). Together, these data indicate that Tfh
cells undergo sequential development in the dLN after influenza vaccination, culminating in an effector
Tth state, and that some of these expanded clones gain access to the blood to recirculate.

Tfh cells from aged mice undergo transcriptional rewiring during later stages of development to induce a cel-
lular senescence-like program. Aging can affect the quality of the antibody response elicited by influenza
vaccination (1-5). Passive infusion of serum from young, influenza-vaccinated mice was protective
against severe influenza infection, whereas infusion of serum from aged, vaccinated mice was not (Sup-
plemental Figure 2). To investigate the mechanism of this observed deficiency, we vaccinated both
young and 80-week-old (aged) mice to assess how settings of aging alter progressive Tfh differentiation
after influenza vaccination utilizing scRNA-Seq with matched TCR-Seq (Figure 2A). Consistent with
previous reports (19, 28), the frequency of total CD4*CXCRS5" follicular T cells as determined by flow
cytometry was higher in aged versus young vaccinated mice (Figure 2B). The number of DEGs between
young and aged follicular T cells was calculated separately for each tissue. We found a greater num-
ber of DEGs (corrected P < 0.01; fold-change > 2) in the blood compared with the dLN (Figure 2C).
We focused further analysis on blood Tfh cells, since 1) we found stronger age-related transcriptional
changes in blood Tth cells, 2) we found more diverse phenotypes of expanded Tth cells in the blood of
young mice, and 3) most human Tth studies have access to blood only for analysis. We combined 7,360
CD4*CXCRS5" follicular T cells from the blood of young or aged mice. These cells segregated into 11
unique clusters in UMAP space (Figure 2D and Supplemental Table 1). There were clear differences in
the distribution of young and aged cells in clusters, with miloR neighborhood analysis revealing that
follicular T cells from aged mice disproportionately occupied clusters 2, 4, 8, and 10 (Figure 2, E and
F). In contrast, cluster 3, and to a lesser extent cluster 6, were disproportionately occupied by young fol-
licular T cells. Reclustering of 6,600 Tth and 755 Tfr cells separately demonstrated that the differences
between young and aged follicular T cells was due to Tth cells (Supplemental Figure 3).

Next, we assessed whether changes in Tth cells in aged mice occur during early or later stages of Tth
differentiation. To do this, we utilized gene modules for progenitor-like and fully differentiated effector
Tth cell states (14). Youth-associated clusters 3 and 6 had enrichment of a progenitor-like Tth module,
as did clusters 0 and 7, which were not altered between young versus aged mice (Figure 2G). In contrast,
age-associated clusters 2, 8, and 4 had enrichment of a fully developed effector Tth gene module, as did
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Figure 2. Tfh cells from aged mice have rewired progressive differentiation culminating in a cellular senescence-like program. (A) Experimental schemat-
ic. Aged (80 weeks) mice underwent quadrivalent influenza vaccination as in Figure 1and were processed for scRNA-Seq/TCR-Seq, and data were added to
data from young mice (Figure 1). (B) Quantification of total CD4*CXCR5* follicular T cells. (€) Number of differentially expressed genes (DEGs) between young
and aged total follicular T cells, separated by tissue. Color indicates directionality of fold-change. (D and E) UMAP of blood follicular T cells by unsupervised
clustering (D) and annotated for group (E). (F) miloR cell neighborhood analysis illustrating differential abundance of cell neighborhoods in young (blue) versus
aged (red) mice, represented in UMAP space or by individual cluster (FDR < 0.05, fold-change > 2). (G) Module score feature plots for a Tfh Progenitor module
(derived from ref. 14), Tfh Effector module (derived from ref. 14), or senescence module (29). (H) Annotation of clusters in UMAP space based on cell type and/
or phenotype. (1) (Top) DEGs in cluster 2 versus clusters 0, 1, 3, 5-7, 9. Red dots indicate P< 107, fold-change > 2. (Bottom) Density plots for indicated DEGs. ()
(Top) DEGs between clusters 4, 8, and 10 versus clusters 0, 1, 3, 5-7, 9. Red dots indicate P< 1072, fold-change > 2. (Bottom) Density plots for selected DEGs.
Data are concatenated data from 2 individual mice in each age group.

clusters 1 and 5, which were not altered with age (Figure 2G). Age-related transcriptional changes in
nonfollicular T cell subsets have been linked to cellular senescence (29). To determine if transcriptional
rewiring in aged Tfh cells included a cellular senescence program, we assessed a gene module (incorpo-
rating conserved tissue signatures) for this program (29) and found strong enrichment in age-associated
clusters 4, 8, and 10 (Figure 2, G and H). Several individual “senescence” genes from the gene module
were increased in aged cells (e.g., Ccl4, Ccl3, Icaml, Tnf), and a few showed minor increases in young cells
(Pecaml, Cd55, 1l6st, Jun) (Supplemental Table 2). Together, these data suggest that aged mice have dispro-
portionately more effector-like Tth cells that are rewired.

To understand mechanisms contributing to age-related transcriptional rewiring of Tth differentiation,
we assessed genes overabundant in cluster 2, a cluster that was enriched in aging but also populated by Tth
cells from young mice (Figure 2I). This cluster had enrichment for effector Tth genes and cytokines such
as Cxcr3, Ifng, 1121, and Cd40lg (Figure 2I). In contrast, clusters 4, 8, and 10, which were age- and senes-
cence-associated, were enriched for cytotoxic genes (Gzmk, Prfl/Perforin), coinhibitory receptors (Pdcdl/
PD-1, Lag3, Tigit, and Havcr2/Tim-3), and individual senescence genes (Ccl3, Ccl4, Ccl5) (Figure 2J). More-
over, clusters 4, 8, and 10 had lower expression of negative regulators of Tth cells, such as Sarbl, Kif2,
Foxol, and the progenitor-insulating transcription factor Foxpl. Similar results were found in the LN Tth
compartment, indicating similar rewiring in both LN and blood (Supplemental Figure 4).

Clonal origins of age-rewired Tfh cells. We next determined the clonal origins of age-rewired senes-
cent-like Tth cells. Monocle3 pseudotime analysis was performed on the scRNA-Seq datasets using
the progenitor Tth cluster 0 as the root node. We found evidence of progressive development from the
progenitor Tth population through cluster 7 and subsequently to cluster 2 (Figure 3, A—C). Interest-
ingly, cells within cluster 2 showed developmental branching/fate decisions with bifurcation to either
cluster 1 (an effector Tth cluster) or toward age-associated clusters 4, 8, and 10. Notably, these age-as-
sociated clusters had the highest pseudotime values, indicating the most terminal differentiation. Anal-
ysis of young and aged Tth cells independently verified that senescence-like clusters had the highest
pseudotime values (Supplemental Figure 5). We also found evidence of sequential differentiation from
effector-like cluster 1 toward progenitor-like cluster 0, possibly indicating the presence of TfhEx cells
that dampen the effector program but remain epigenetically poised (14). At the individual-gene level,
the expression of cluster 2—associated genes, including /21, Cxcr3, Cd40lg, and Ifng, increased along
pseudotime trajectories, eventually reaching a plateau at an intermediate pseudotime (Figure 3D).
In contrast, expression of genes associated with clusters 4, 8, and 10, such as Ccl5, Gzmk, and Prfl,
abruptly increased only during later pseudotime values (Figure 3D). However, the exception was 7ig-
it, which gradually increased similar to the behavior of cluster 2 genes. These data suggest that aged
effector Tth cells are rewired from normal effector differentiation toward a senescence-like transcrip-
tional state (Figure 3E).

To further interrogate the developmental relationships between age-associated senescent clusters 4,
8, and 10 with other Tth cells, we analyzed TCR sequences. Cluster 2, which represented a branch point
in Tth differentiation, had clonal overlap with both Tth Effector cluster 1 as well as age-senescent cluster
4, further indicating important fate decisions during this stage (Figure 3, F-H). We also found clonal
sharing between clusters 1 and 4, though to a lesser degree, indicating that the same Tfh clones could
undergo further differentiation from cluster 2 to either effector Tth or age-rewired Tth cells. We also found
robust clonal sharing between the 3 age-rewired/senescent-like clusters 4, 8, and 10. Interestingly, even
though we found substantial clonal overlap between clusters 2 and 4, as well as clusters 8 and 4, we found
minimal clonal sharing between clusters 2 and 8. These data indicate that age-rewired Tfh cells may arise
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Figure 3. Clonal origins of age-rewired Tfh cells in mice. (A and B) UMAP of 7 = 7,360 blood follicular T cells by unsupervised clustering (A) and Monocle3
pseudotime trajectories (B), with root nodes set for progenitor clusters 0 and 3. Black ribbon indicates projected path of differentiation from progenitor
population. (C) Pseudotime values per cluster with black dot representing median. (D) Gene expression values of indicated genes organized by ascending
pseudotime values. (E) Schematic of progressive differentiation in Tfh cells from young or aged mice with cluster annotation. (F) Clonal sharing (based on
TCR sequence) including absolute number of shared clones between clusters (left). (G) Circos plot of clonal sharing of expanded Tfh clones (shared by >2
individual cells). (H) (Left) Top 25 expanded clones in individual clusters 2, 4, and 8, with connecting lines indicating shared clones. (Right) Clonal expan-
sion per cluster (<0.01% “rare,” 0.01%-0.1% “small,” 0.1%-1% “medium,” 1%-5% “large,” and >5% “hyperexpanded”).

by redirecting effector stages of Tfh differentiation (e.g., through cluster 2) or possibly by age-rewired
non-Tth populations differentiating into Tth cells (e.g., cluster 8). Intriguingly, age-rewired clusters 8
and 10 exhibited substantial clonal expansion and were dominated by hyperexpanded clones, some of
which had predicted specificity for murine cytomegalovirus protein epitopes (data not shown). Notably,
the senescent-like Tfh cell population still expressed canonical Tfh cell markers, including Cxcr5, Bclé,
Pdcdl, Icos, and 1121 (Supplemental Figure 6). Last, we found a minor degree of clonal sharing between
Tth cluster 1 and Tfr cluster 5. These cells could represent ex-Tfr cells that have downregulated their Tfr
transcriptional program or alternatively induced Tfr cells from Foxp3-negative precursors (25). Together,
these data indicate that in murine models of aging, Tfh cells undergo normal early differentiation, but
later stages of Tth differentiation are redirected toward an age-rewired state with evidence of hyperacti-
vation, cytokine production, and senescence-like programs.
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Defective neutralizing antibody and ICOS"CD38" Tfh cells in older humans after influenza vaccination. To assess
how aging alters Tth differentiation and function in humans, we obtained peripheral blood from 18 young
(18-38 years) and 78 aged (>65 years) individuals on days 0, 7, 14, and 30 after seasonal influenza vacci-
nation (Figure 4A and Supplemental Table 3). The distribution of men and women was similar between
young (56% female) and aged (69% female) cohorts (P = 0.24, y* test). Baseline binding of serum IgG to
the influenza vaccine H1 protein was higher in young versus aged individuals, even at baseline (mean log,,
Meso Scale Discovery [MSD] binding index in aged = 4.29, young = 4.54, P = 0.003, Mann-Whitney U
test) (Figure 4B). Analogously, the vaccine H1 serotype HA inhibition (HAI) titer was higher in young
versus aged individuals at baseline as well as at day 14 after vaccination, which was the peak of response.
Though aged participants may have received either the standard or high-dose vaccine, notably, there was
no dose-dependent difference in MSD titer observed in this cohort (mean log,, MSD for aged participants
receiving standard dose = 4.49 vs. high dose = 4.48). Notably, there was no difference in H1 binding or HAI
between male and female participants, even when separated by age group (Supplemental Table 4).

Next, we utilized high-parameter spectral flow cytometry to investigate whether total or subsets of Tth
cells were altered in aged individuals. The total number of CD4" T cells was indistinguishable between
young and aged individuals (Figure 4, C and D). Circulating follicular T cells (defined as CD3*CD4*CD8"
CD14CD19CD45RA-CXCR5") were separated based on FoxP3 expression into circulating Tth (FoxP3")
and circulating Tfr (cTfr) (FoxP3*) cells (Figure 4C and Supplemental Figure 7). The frequency of total
cTfh cells was not significantly different between young and aged individuals at any time point (Figure 4E).
cTfr cells were similar at baseline between young and aged individuals but exhibited a transient decrease at
day 7 after vaccination in young individuals only (mean frequency aged = 1.56%, young 1.19%, P = 0.046,
Mann-Whitney U test) (Figure 4F). The ratio of Tfh/Tfr, which predicts vaccine responses in some settings
(30), was slightly higher in young versus aged individuals starting at day 7 after vaccination (d7 mean ratio
aged = 8.42, young = 10.82, P = 0.029, Mann-Whitney U test) (Figure 4F).

Since we did not find changes in total cTth cells, we next determined whether developmental stage,
as indicated by activation state, was different between young and aged individuals. We found higher
proportions of ICOSMCD38" Tth cells (previously shown to correlate with influenza vaccination) (31,
32) in young versus aged individuals at all time points (Figure 4G). In contrast, we did not find any
statistical differences in CD226*Tigit" Tth or Tfhl-like (CXCR3*CCR6") cells, which have been asso-
ciated with influenza vaccine responses (Figure 4, H and I) (33, 34). Moreover, we did not find any
differences in other cytokine-polarized Tth cells, such as Tfh2-like cells (CXCR3-CCR6") or Tth17-like
cells (CXCR3 CCR6") (Figure 4I) (35). In addition, we assessed levels of programmed cell death 1 (PD-
1) on Tth cells, since PD-1 is a negative regulator of Tfh cell differentiation and function but is highly
expressed in later effector stages (36, 37). We found higher expression of PD-1 in young individuals;
however, this only reached statistical significance 30 days after influenza vaccination (Figure 4J). There
was no statistical difference in the change of each of these parameters from baseline values (Supple-
mental Figure 8). Longitudinal data for each of these parameters were modeled using nonlinear mixed
methods to assess changes between groups. This analysis revealed increases in the ICOSMCD38" Tth
population in young versus aged influenza vaccinees (Figure 4K). Spearman’s rank analysis indicated
that the ICOSMCD38" Tth population correlated with serological H1 binding, serological HI HAI, and
Tth PD-1 expression (Figure 4L). Together, these data indicate that the activation state, and not total
frequency, of Tfh cells may be altered in an age-dependent manner in humans after influenza vaccina-
tion, implicating changes in sequential differentiation.

Human Tfh cells undergo progressive differentiation after influenza vaccination. Since our flow cytometric data
indicated age-related changes in Tth activation/developmental states more so than total Tth cell frequencies,
we sought to understand Tth differentiation in humans after influenza vaccination. We performed scRNA-
Seq on Tth and Tfr (by sorting total CD4*CD19-CXCR5") cells from peripheral blood of 5 young and 7 aged
individuals at baseline, day 7, and day 14 after seasonal influenza vaccination (Figure 5A and Supplemental
Figure 9A). A total of 47,678 cells passed quality control filters and subsequently formed 8 distinct clusters
in UMAP space (Figure 5B). Most clusters lacked expression of FOXP3 and were designated as Tth clus-
ters, whereas a single cluster showing high expression of FOXP3 and IKZF2 was annotated as Tfr. Based on
genes associated with Tth developmental stages (14), we identified 2 progenitor-like Tth clusters (Tfh Prog
1 and Tth Prog 2) marked by expression of SELPLG, MAF, CCR7, SELL, IL7R, or FOXPI, along with 2
effector-like Tth clusters (Tth Effector 1 and Tth Effector 2) in which ICOS, CD44, CXCRS5, and CD69 were
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Figure 4. Defective neutralizing antibody and 1COS"CD38" Tfh cells in older humans after influenza vaccination. (A) Experimental schematic. 18 young
(18-38 yr) and 78 aged (> 65 yr) adults were administered a seasonal influenza vaccine. Peripheral blood was obtained on the day of vaccination (d0), as well
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as day 7 (d7), day 14 (d14), and day 30 (d30) after vaccination. (B) (Left) Influenza H1 protein Meso Scale Discovery (MSD) binding index for young and aged
vaccine recipients, separated by time point. (Right) Influenza H1 protein hemagglutination inhibition (HAI) titers. (C) Gating strategy to identify cTfh (CD3*C-
D4+CD8-CD14-CD19-CD45RA-CXCR5*FoxP3-) and Tfr (CD3*CD4*CD8-CD14-CD19-CD45RA-CXCR5*FoxP3*) cells from blood. (D) Total number of CD4* T cells (per
1x 108 input PBMC), separated by time point. (E) Tfh frequency of total CD4* T cells, separated by time point. (F) Tfr frequency of total CD4* T cells (left) and
Tfh/Tfr ratio (right), separated by time point. (G and H) ICOS"CD38" (G) or CD226*Tigit* (H) frequency of Tfh cells, separated by time point. (1) Tfh cell polar-
ization including Tfh1 (left), Tfh2 (middle), and Tfh17 (right) identified by indicated chemokine receptor expression. (J) PD-1 mean fluorescence intensity on
total Tfh cells, separated by time point. (K) Forest plot indicating longitudinal modeling of indicated parameters (#CD4* T cells, %cTfh, %cTfr, %ICOS*PD-1*,
%ICOSMPD-1", %cTfh1, %cTfh2, %cTfh17, %CD226*Tigit*, CXCR5 MFI, and PD-1 MFI). (L) Spearman’s rank correlation for indicated parameters of interest.
Linear regression of %ICOS"CD38" cells with PD-1 MFI, for all cells at d30 time point. Bold italic indicates statistical significance. (Right) PD-1 MFI on total or
ICOSMCD38" Tfh cells. All displayed data points represent mean, with error bars indicating SEM. *P < 0.05, uncorrected Mann-Whitney U test.

upregulated (Figure 5, B and C). We also observed a small cluster marked by expression of IL10, CTLA4,
and IL21, referred to as Tfh10 consistent with previous reports (38). In addition, we identified Tth clusters
marked by expression of interferon-responsive elements (I/FIT1, IFIT3, IRF7) referred to as Tth IfnR, as well
as a cytotoxic cluster (GZMA, GZMK, CCL5, NKG7, IFNG) referred to as Tth Cytotoxic, both of which have
been previously reported (Figure 5C) (39-41). Notably, the ICOSMCD38" population of Tth identified via
flow cytometry likely correspond to Tth Effector 1 and Tfh10 clusters (Figure 5D), which is consistent with
a Tth effector-like transcriptional program (Figure 5E). Furthermore, /FNG and TBX21, which encodes
the transcription factor T-bet, were present in both Tth Effector 1 and Effector 2 clusters, as well as the Tfh
Cytotoxic cluster (Figure 5D). Last, the expression of several senescence-associated genes, such as AREG
and TNF (29), was enhanced in the Tfth Effector 2 cluster.

Differential abundance testing across cell neighborhoods revealed that the Tth Effector 1 and 2 clus-
ters were more abundant on day 7 after vaccination compared with prevaccine levels (k = 45, d = 20,
FDR = 0.10), suggesting the Tfh Effector programs were induced by vaccination (Figure 5F). Moreover,
Tth Prog 1 was more abundant at baseline compared with day 7. In contrast, when we assessed relative
abundance between days 7 and 14 after vaccination, we found only a minor reduction in the Tth Effector
2 cluster at day 14, indicating that most Tfh cells maintained their programs until at least day 14 (Figure
5G). We next conducted pseudotime analyses to assess differentiation relationships between clusters. We
found Tth Prog 1 and 2 clusters had the lowest pseudotime values consistent with their progenitor desig-
nation (Figure 5H). Tth IfnR and Tth10 clusters had intermediate pseudotime values, and Tfh Effector 1
and 2, Tth Cytotoxic, and Tfr clusters had the highest pseudotime values (Figure 5H). These data indicate
progressive development of Tth cells, culminating in effector-like Tfh cells in the circulation (Figure 5H).
The expression of IL21 and BCL6 along the pseudotime trajectory was also consistent with progressive
differentiation (Figure 5I). Next, we compared genes differentially expressed between the most progeni-
tor-like Tth cluster, Tth Prog 1, and the 2 effector Tth clusters. Effector Tth clusters had higher expression
of essential Tth genes, such as BCL6 and ICOS, compared with progenitor Tth cells, as well as reduced
expression of the progenitor-strengthening transcription factor FOXP! (Supplemental Figure 9B). Togeth-
er, these data indicate Tfh cells undergo progressive development in humans after influenza vaccination.

Tfh cells from older individuals undergo transcriptional rewiring during late effector stages. To assess possible
alterations in Tfh differentiation in aged individuals after influenza vaccination, we separated cells into
young (1865 years) or aged (>65 years) origins (Figure 6, A and B). In total, our data set included 31,009
cells from 7 aged donors and 16,669 cells from 5 young donors. Young and aged Tth cells segregated in Tth
Effector clusters. Differential abundance testing based on cell neighborhoods at day 7 after vaccination iden-
tified enrichment of Tth Effector 1 cells in young individuals and enrichment of Tth Effector 2 cells in aged
individuals (k = 25, d = 20, FDR = 0.25) (Figure 6C). No substantial changes in abundance were identified
prevaccination (data not shown) or in Tth progenitor populations at day 7 after vaccination (Figure 6C), sug-
gesting age-related changes in Tth differentiation occur in late effector stages. Tth10 cells were also enriched
in aged individuals 7 days after vaccination; however, the low number of cells prevented statistical analyses.

The lack of differences in progenitor Tth cells combined with the bifurcation of effector Tth cells in
young and aged individuals suggest age-related reprogramming occurs after initial Tth differentiation. To
understand the functional relevancy of age-related bifurcation of Tfh cells during late effector states, we
assessed DEGs between Tth Effector 1 (young-enriched) and Tfh Effector 2 (age-enriched) clusters. Despite
both being identified as effector Tth clusters, Tth Effector 1 and 2 had substantial differences in gene expres-
sion (Figure 6D). Age-associated Tfh Effector 2 had increased expression of Tth effector genes such as
BCL6, CXCRS5, PDCDI, ICOS, and SIPR2 but also heightened expression of negative regulators of Tth cells
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Figure 5. Human Tfh cells undergo progressive differentiation after influenza vaccination. (A) Experimental schematic. Total CD4*CXCR5* T cells were
sorted from blood of young or aged individuals on day 0, 7, or 14 after seasonal influenza vaccination. (B and €) UMAP of # = 47,678 cells integrated across
patients and time points, with clusters annotated based on genes involved in sequential Tfh development. (D) UMAP showing transcript density for
indicated genes. (E) Module score feature plot for a Tfh Effector module (14). (F and G) miloR differential neighborhood abundance assessment of total
CD4*CXCR5* T cells from all donors at indicated days. Node size indicates the number of cells in the neighborhood; color denotes direction of differential
abundance (miloR, FDR 0.10). (H) (Left) UMAP and cluster box plot of Monocle3 pseudotime analysis utilizing a root node in the Tfh Prog 1 cluster. Color
brightness denotes the predicted lapsed pseudotime for cluster differentiation. Black ribbon approximates the anticipated differentiation pathway. (Middle)
Pseudotime values per cluster, with black bar representing median. (Right) Proposed progressive differentiation pathway for Tfh. (I) Expression values of
BCL6 and IL21 ordered by pseudotime values. Data shown in F and G, right, are expressed as single data points; data shown in H, right, are expressed as box
and whiskers (median, IQR, and range).

such as ID2, KLF2, and BHLHE40. In contrast, youth-associated Tfh Effector 1 had higher expression of
positive regulators of initial Tfh differentiation such as TCF7 and LEF1. These data, along with the higher
pseudotime of Tfh Effector 2 (Figure 5F), suggest that Tth Effector 2 is a heightened effector state that
originates from Tth Effector 1 cells. In addition, Tfth Effector 2 had higher expression of cellular stress/
senescence genes, such as CCL5, CCL20, TNFAIP3, FOS, DUSPI, and ATF4, suggesting the heightened
effector Tth state in aging is accompanied by stress/senescence, similar to our findings in mouse models. To
further assess differences between Tth Effector 1 and 2 clusters, we conducted Gene Set Enrichment Anal-
ysis (GSEA). The top gene sets in Tfh Effector 1 were oxidative phosphorylation and fatty acid metabo-
lism, suggesting heightened metabolic states (Figure 6E). In contrast, TNF-a and IL-2/Stat5 signaling were
enriched in Tth Effector 2, suggesting cytokine-mediated changes (Figure 6E). Unfortunately, age-depen-
dent changes within Tth Effector 1 and Effector 2 clusters individually could not be interrogated because
of the lack of statistical power.

To understand clonal dynamics of circulating Tfh cells after vaccination, we assessed TCR
sequences from the scRNA-Seq dataset. We evaluated the Shannon index (as a measure of clonal
evenness) and the Chaol index (as a measure of clonal diversity) and found both were similar at base-
line between aged and young individuals but progressively diverged, with a lower Shannon index and
higher Chaol index in aged individuals at day 14 after vaccination (Supplemental Figure 9D). This
combination indicates a more polyclonal population in aging but that some clones can substantially
expand. However, the power of these calculations is suboptimal because of limited clonal expansion
in most circulating Tfh cells. The most expanded Tth clones were found in the Tth Cytotoxic cluster
as well as in the Tfh10 cluster (Figure 6F). We next assessed clonal sharing between Tfh clusters. We
found very few clones shared between Tfr and Tth cells, consistent with Tfr cells originating from nat-
ural Treg precursors and not naive or Tth cells (Figure 6G). However, we found some clonal sharing
between Tth cell clusters, including between progenitor Tth clusters (Tth Prog 1, Tth Prog 2) as well
as effector clusters (Tth Effector 1, Tth Effector 2, Tth10, Tth Cytotoxic), suggesting the same clones
can differentiate progressively through these Tth differentiation stages. There was no clear difference
in clonal sharing patterns between young and aged expanded clones (Figure 6G). Together, these data
indicate that Tth cells undergo progressive differentiation after human influenza vaccination and that
settings of aging rewire late effector stages to induce a hyper effector Tth state (Figure 6H).

The inflammaging microenvironment reprograms late effector Tfh cell differentiation. Settings of aging have
been associated with increases in some pro-inflammatory cytokines in the circulation or tissues, commonly
referred to as an inflammaging microenvironment. Moreover, age-related transcriptional rewiring of late
effector stages in our data indicated elevated cytokine signaling, including for TNF-a, which was previous-
ly shown to be a component of inflammaging (42, 43). Therefore, we next investigated whether exposure
to age-associated environments is sufficient to rewire late effector Tfh cells. To assess this in murine set-
tings, we utilized an adoptive transfer system in which the differentiation stage of Tth cells can be identified
through fate mapping and direct reporting of the cytokine IL-21 (14). OT-II*CD4* T cells were isolated
from OT-II*Tg.lI21Rosa26-oxSTOPLoxTdTomao 177 [VEP (QT-IT*IL21FM/Rep) mice and adoptively transferred to
8-week-old (young) or (aged) 80-week-old mice that received a vaccine containing 4-hydroxy-3-nitro-phe-
nylacetyl hapten-OVA (NP-OVA) (Figure 7A). After 9 days, adoptively transferred OT-II* Tth cells were
identified (gated as Va2*Vb5*CD4*CD19 CXCR5*) and assessed for developmental stage by past/cur-
rent expression of IL-21, as published previously (14). The frequency of total OT-II* cells was higher in
aged recipients (Figure 7B). Moreover, the frequency of fully differentiated effector Tth cells (identified as
Va2*Vb5*CD4*CD19-CXCR5*TdTomato*VFP*) was indistinguishable between young and aged recipients.
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Figure 6. Tfh cells from older individuals undergo transcriptional rewiring during late effector stages. (A) UMAP of total human Tfh cells from Figure 5A
separated according to age (blue: young; gray: aged) and (B) split according to time point after vaccination. (C) miloR neighborhood analysis representing
differential abundance between Tfh cells from aged and young individuals 7 days after vaccination (miloR, FDR 0.25). Node size indicates the number of
cells in the neighborhood; color denotes direction of differential abundance. (D) DEGs between Tfh Effector 1 and Tfh Effector 2 clusters (cutoffs: fold-
change = 0.25, P=10"% Wilcoxon's rank sum test, presto package). (E) GSEA enrichment of selected Hallmark gene modules in Tfh Effector 1 versus Tfh
Effector 2 (NES, normalized enrichment score). (F) UMAP and summary of clonal expansion in Tfh cells across clusters. (G) Circos plots representing clonal
sharing of expanded clones among clusters for all participants (left), young participants (middle), and aged participants (right). (H) Proposed progressive
differentiation pathway for young and aged Tfh.

However, the frequency of Tfh cells that downregulated the effector program by extinguishing IL-21 produc-
tion into a resting stage (TthEx; Va2*Vb5'CD4*CD19-CXCR5*TdTomato*VFP-) was lower in aged com-
pared with young mice. These data indicate that in an aged microenvironment, Tth cells from young mice
can undergo early differentiation normally but have defects in later stages of Tth differentiation where they
are unable to transition away from effector states.

To understand if the inflammaging microenvironment could also reprogram later stages of Tth devel-
opment in human cells, we performed experiments in which partially differentiated Tth cells were sorted (as
live*CD4*CXCR5") from young, healthy donors and underwent further differentiation in the presence of
an artificial, inflammaging environment (Figure 7C). Cytokines in the inflammaging environment included
IL-6, IL-1B, and TNF-a because these are higher in the peripheral circulation of aged humans (42, 43) as
well as our finding that age-related Tth Effector 2 cells have evidence of TNF-a signaling at the transcription-
al level. Total cell counts and viability of Tth cells were similar in inflammaging and control environments
after 7 days in cell culture, indicating that this combination of cytokines is not directly toxic to cells (data
not shown). However, after 14 days, we found increases in both cell count and viability in inflammaging
versus control settings, suggesting that the inflammaging cocktail enhances proliferation or prolongs the
lifespan of Tth cells in vitro (Figure 7D). Moreover, we found a shift in the polarization of Tth cells from a
Tth1 phenotype toward a Tth2/Tfh17 phenotype in inflammaging settings (Figure 7E). Furthermore, in the
inflammaging microenvironment, Tth cells appeared more activated with enhanced surface expression of
ICOS and CD40L, as well as enhanced production of IFN-y (Figure 7G). However, there were no statistical
differences in PD-1 expression or secretion of IL-21 or IL-4 (Figure 7, F and G). Furthermore, we tested the
ability of Tth cells to induce B cell differentiation in these assays. We added B cells (from the same donor)
to cultures after 7 days and allowed these cells to differentiate for 7 more days. Despite increases in Tth cell
numbers as well as cytokine production in inflammaging settings, B cells underwent slightly reduced class
switching and production of IgG; however, these did not reach statistical significance (Figure 7H). Together,
these data support the hypothesis that the aged microenvironment alters Tfh programming.

To more completely understand how the inflammaging microenvironment controls late effector Tth
programs, we performed bulk RNA-Seq transcriptional analysis of Tth cells cultured in inflammaging or
control microenvironments. We found transcriptional changes in Tth cells cultured in the inflammaging ver-
sus control microenvironments (Figure 7I). Genes that were upregulated in Tth cells from the inflammaging
microenvironment included ILI17F, IL9, and the senescence gene CCL4 (Figure 7J). Enhanced production
of these cytokines was verified by ELISA of culture supernatants (data not shown). Last, we performed
GSEA to assess broader pathways upregulated in Tth cells because of the inflammaging microenvironment
and found cytokine responses such as IFN-y response, TNF-a signaling, and IL-2 signaling (Figure 7K). In
addition, the inflammaging microenvironment enhanced expression of genes associated with cellular senes-
cence. Taken together, these data suggest the inflammaging microenvironment may be sufficient to induce
prolonged/heightened activation, proliferation, cytokine production, and cellular senescence-like programs
in effector Tth cells. Therefore, extrinsic factors in the aged microenvironment may rewire later effector stag-
es of Tth cells (Supplemental Figure 10).

Discussion

An existing paradigm posits that immunity in aged individuals is an attenuated, yet mechanistically
similar, version of a youthful immune system. Based on this, one current strategy to enhance vaccine
responses in elderly individuals is the administration of an increased dose of a vaccine initially devel-
oped for young individuals (44). Although some high-dose vaccines do increase immunogenicity in older
adults, it is unclear whether this is due to correcting underlying Tth defects in aging or by partially cir-
cumventing these defects. An emerging paradigm posits that the aged immune system may have distinct
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Figure 7. The inflammaging microenvironment rewires Tfh cell differentiation to a hyperinflammatory and senescent-like transcriptional state. (A)
Experimental schematic to assess effects of the aged microenvironment on Tfh differentiation in vivo. Total splenic CD4* T cells from OT-1I*IL21FM/Rep
(OT-11"Tg.JI2 1" Rosa26"exSTO LoxTdTemato 1 1VFP) were adoptively transferred to 8-week-old (young) or 80-week-old (aged) mice, which were given an NP-OVA
vaccine. (B) The frequency of dLN OT-II* cells from the total CD4* population (left) and of fully differentiated effector Tfh (middle) and TfhEx (right) from
the total OT-1I* population. Each point represents an individual mouse. Results are reflective of 1 representative experiment (left, middle) or concate-
nated data from 2 experiments (right). (C) Experimental schematic to assess effects of the inflammaging microenvironment on human late effector Tfh
differentiation in vitro. CD4*CXCR5* Tfh cells sorted from healthy donors were incubated with an inflammaging cocktail containing 10 ng/mL each of IL-6,
IL-18, and TNF-a. (D) Tfh cell count (left) and viability (right) by spectral flow cytometry. (E) Tfh cell polarization to Tfh1 (left; CXCR3*CCR6"), Tfh2 (middle;
CXCR3-CCRE), or Tfh17 (right; CXCR3-CCRE*). (F) Expression of Tfh activation markers PD-1 (left), ICOS (middle), and CD40L (right). (G) Concentration of
IL-21 (left), IL-4 (middle), and IFN-y (right) in culture supernatants. (H) (Left) Frequency of class-switched B cells from cultures as in C. (Right) Concentra-
tion of 1gG in culture supernatant in experiments. (1) Heatmap of genes in Tfh cells cultured in control (blue) or inflammaging (gray) conditions assessed 7
days after culture. (J) Volcano plot of Pvalue and fold-change for genes in Tfh cells (red triangles P < 0.01; fold-change > 2). (K) GSEA of selected Hallmark
gene modules and senescence gene module (29) in Tfh cells from I. All displayed data points represent mean value of technical replicates. *P < 0.05,
uncorrected Mann-Whitney U test or Wilcoxon's signed-rank test.
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cellular programming compared with the young immune system. If true, then therapeutic strategies to
enhance immunity in older individuals need to specifically target age-related reprogramming. Tth dif-
ferentiation in the context of aging is poorly understood. Utilizing a combination of murine models
and human samples, we identified that Tth cells undergo progressive differentiation from a progenitor
to effector state in response to seasonal influenza vaccination. Although Tth differentiation is expected
to occur predominantly in the dLN, both progenitor-like and late effector Tth cells can be found in the
circulation, where they exhibit diverse transcriptional states offering a glimpse into LN responses. In
settings of advanced age, though early stages of Tfh differentiation occur normally, later Tth differenti-
ation stages become rewired to induce a hyperactivated, yet less functional, cellular state, which can be
observed in both dLNs and blood. Mechanistically, we identified that the inflammaging microenviron-
ment was sufficient to induce some age-related rewiring in effector Tth cells. This rewiring included not
only a hyperactivated state with enhanced production of cytokines and cellular senescence-like programs
but also a defective ability to transition to post-effector resting states. These studies suggest that age-relat-
ed defects in vaccine responsiveness are at least partially due to rewiring of later stages of Tth differen-
tiation and suggest strategies to enhance vaccine efficacy in aged individuals need to reverse age-related
rewiring of Tth differentiation.

We previously showed that Tfh cells undergo progressive differentiation in LNs (14). However, Tth
cells can be found in lymphoid organs as well as the circulation (15, 45), the latter of which is more easily
accessible in human patients. How circulating Tth cells reflect progressive differentiation in lymphoid organs
remains enigmatic, particularly in the setting of seasonal influenza vaccination. In mice, we found evidence
that progenitor-like Tth cells transition to late effector-like Tth cells in the dLN, which exhibit clonal overlap
with expanded blood Tth cells. Although expanded effector Tth cells in dLNs were transcriptionally homog-
enous, clonally expanded cells found in the circulation had more diverse transcriptional programming. We
hypothesize that upon gaining access the circulation, effector Tth cells slowly downregulate their effector
program, revealing transcriptional heterogeneity. Our human cTth data verify the presence of progenitor-like
and effector-like Tth cells in the circulation. Importantly, effector-like Tth cells increased in circulation after
influenza vaccination, indicating that these cells likely originated from effector cells in the dLN.

Prior studies have demonstrated that Tth cells exhibit phenotypic and transcriptional changes in aging
and that these changes correlate with poor vaccine responsiveness (18, 21, 22, 28, 31, 32). Consistent with
previous reports, our human data showed that ICOS®CD38" cTth cells increase after influenza vaccination
(31, 32). Furthermore, our data suggest that the ICOS®CD38" cTth response is more substantial in young
versus aged individuals. This observation was not found in previous reports and may be due to differences in
cohort composition (31, 32). scRNA-Seq analysis of human cTfh following influenza vaccination revealed a
similar progenitor-like state in both young and aged individuals, indicating normal early Tth differentiation.
However, we found a bifurcation in later effector stages with aged effector Tth cells rewired with increased
cytokine production/signaling and a cellular senescence-like transcriptional signature. Importantly, the abil-
ity of these cells to expand suggests the senescence-like transcriptional signature may not result in functional
senescence. Collectively, we refer to these cells as age-rewired Tth cells. The appearance of age-rewired Tth
cells is slightly distinct in mice and humans. In aged mice, we observe the accumulation of age-rewired
Tth cells with a Cxer3*1121*Ifug* transcriptional profile. Furthermore, the murine cell population is clonally
linked to a Tth population with a cellular senescence gene signature, suggesting that these cells progressively
increase the degree of age-rewiring over time. Unfortunately, we did not collect a prevaccination sample to
discern whether some preexisting Tth cells may have contributed to the data. In aged humans, we observe
age-rewired Tfh cells with TNF-o and IL2/Stat5 transcriptional signatures, accompanied by reciprocal
downregulation of metabolic pathways, such as oxidative phosphorylation and fatty acid metabolism.

One hypothesis for the origin of age-reprogrammed cells is that the inflammaging microenvironment
induces rewiring of the Tth developmental program such that effector Tfh cells persist in a hyperactivat-
ed state. The addition of known inflammaging cytokines, TNF-a, IL-1p, and IL-6 (42), was sufficient to
recapitulate some features of prolonged cellular survival, hyperactivation, cytokine production, and cel-
lular senescence programs. We have previously described a post-effector Tth resting state, termed TfhEx
cells, that are epigenetically poised and can return to the effector state (14). In this study, we use similar
strategies to identify TfhEx cells in the context of aging and find that Tfh cells undergo normal early
differentiation but during the effector stage have a reduced ability to convert to the resting TthEx state.
‘We hypothesize that transition between the effector and post-effector resting TfhEx stage is required to
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prevent hyperactivation/dysfunction, thereby maintaining a balanced effector population over time. We
also hypothesize that the inflammaging microenvironment prevents this transition, and the age-rewired
phenotype is a consequence of a sustained effector state.

Notably, this paradigm of a bifurcation in Tth development with accumulating hyperactivation or senes-
cence programs accompanied by limited TfhEx conversion is analogous to age-related changes observed
in non-Tth CD4* as well as CD8* T lymphocyte populations. It is likely that the TfhEx state represents a
quiescent, memory-like phenotype (14). While memory Tfh populations have been observed by multiple
groups, factors controlling them remain enigmatic (46—48). One hallmark of aged T cells is a reduction
in the more quiescent central memory T cell pool in favor of a larger effector pool (49, 50). Therefore, we
hypothesize a more global rewired transcriptional program occurs in aged T cells, which is driven by the
inflammaging microenvironment.

Our data suggest that current strategies to overcome age-related defects in vaccine responsiveness by
increasing antigen dose or adjuvant activity will not necessarily address the underlying age-rewired Tth cell
phenomenon and may even exacerbate it. Indeed, most aged participants in our study received a high-dose
influenza vaccine, yet we identified age-related Tth transcriptional changes. An alternative strategy to pre-
vent the age-rewired state and allow proper cycling through post-effector quiescent/memory states in Tth
cells is likely required to reverse the altered humoral immunity observed in aging. However, additional stud-
ies are required to uncover the precise ways to deprogram defects in late effector Tth cells. Moreover, any
strategy to durably overcome age-rewired Tth cell differentiation and restore a young Tth cell phenotype
would need to be integrated with other targeted immune manipulations to reverse the underlying inflam-
maging environment. While complex and multifaceted, the reversal of age-related Tfh rewiring has the
potential to enhance vaccine-elicited responses in the aged population and thereby to improve the health
and longevity of this vulnerable population.

Methods
Sex as a biological variable. Male mice were used for murine aging studies. Both male and female human
participants were included in this study. Findings are expected to apply to both sexes.

Mice. Young (8 * 2 weeks) or aged (~80 + 2 weeks) male C57BL/6 mice were obtained from Jackson
Laboratory or the NTH National Institute of Aging. Rosa26-xSTOP-LoxTdTomawo " 72 [VEP "and OT-II were purchased
from Jackson Laboratory. Tg.I121°* were from Uta Hoepken (Max-Delbriick Center for Molecular Medicine,
Berlin, Germany) and have been published (51). For vaccination studies, mice were administered an unad-
juvanted Afluria influenza vaccine (1.5 pg HA protein) and tissues were harvested. For adoptive transfers, 1
x 10° splenic CD4* T cells from OT-II* IL-21"M/Rep (Tg. [2]¢Rosa26-oxSTOP-LoxTdTomato [2 [VEP) mijce were trans-
ferred to young or aged mice that received 100 pg NP-OVA (Biosearch Technologies) mixed with Addavax
adjuvant (InvivoGen). All mice used in the experiments were kept in normal housing conditions that included
12-hour light/12-hour dark cycle, at 22°C and 42% humidity, and were fed 5053 PicoLab diet 20 (LabDiet).

Human participants. Influenza vaccinee samples were collected during the 2022-2023 influenza vaccine
season. Study exclusion criteria included history of allergic reaction to influenza vaccination or eggs, Guil-
lain-Barre Syndrome, receipt of viral vaccines within 1 month of study initiation, any ongoing infections,
and pregnancy. Young donors were between 18 and 38 years of age, and older donors were above 65 years
of age. Donors designated their race and ethnicity at the time of study enrollment (Supplemental Table
3). Participants received the 2022-2023 influenza vaccine formulation (A/Wisconsin/588/2019, A/Dar-
win/6/2021, B/ Austria/1259417/2021, and B/Phuket/2073/2013). Day 0 blood draws were collected
before vaccination, and postvaccination samples were collected at day 7 + 1, day 14 + 1, and day 30 * 3.

Plasma and PBMC samples. Blood was collected in K2 EDTA Vacutainer Tubes (BD 366643) and stored
at 4°C until processing. Samples were diluted at a 1:1 with PBS containing EDTA (Miltenyi Biotec 130-
091-222) and 2% v/v heat-inactivated fetal bovine serum (FBS) (Gibco A52567-01) and layered on Ficoll-
Paque PLUS (Cytiva 17144003). Samples were centrifuged 20 minutes at 400g at room temperature. Plas-
ma was then collected as the top layer and frozen at —20°C for serological analyses, and the PBMC layer
was collected, subjected to ACK (Lonza BP10-548E) lysis, and cryopreserved in Bambanker (GC Lympho-
tec 302-14681) freezing in a 1°C freezing container (Nalgene 5100-0001) at —80°C overnight before transfer
to storage in liquid nitrogen.

High-parameter spectral flow cytometry. Cryopreserved PBMCs were rapidly warmed and added drop-wise
to human growth media (RPMI 1640 containing 10% FBS, 10 mM HEPES, 100 U/mL penicillin, and
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100 pg/mL streptomycin) in a 15 mL tube (Falcon, Corning), then resuspended in 200 pL of cell stain-
ing buffer. Cells were washed once with cell staining buffer (Gibco Dulbecco’s PBS containing 1% FBS
and 4 mM HEPES) and stained with ViaDye Violet (Cytek Biosciences) at 1:1,000 dilution for 20 min-
utes. After 2 washes, a primary antibody cocktail was added (from BD Biosciences except where noted)
for surface marker staining at 4°C for 60 minutes. The antibodies for human Tth profiling included anti-
CD3 (UCHT1, BUV496), anti-CD4 (M-T477, BUV395), anti-CD8 (RPATS, BV510), anti-CD14 (M5E2,
BV510), anti-CD19 (BioLegend H1B19, BV510), anti-CD45RA (HI100, AF700), anti-ICOS (BioLegend
C398.4A, PE-Cy7), anti-CD226 (DX11, BB700), anti-CCR7 (3D12, BV650), anti-CXCR3 (1C6, BV480),
anti-CCR6 (11A9, BUV737), anti-CXCRS5 (552118, Biotin), anti-PD-1 (BioLegend EH12.287, BV785),
anti-Tigit (BioLegend A15153G, APC-Cy7), and anti-CD38 (BioLegend HIT2, AF488). Additional anti-
bodies for human in vitro culture included anti-CD40L (BioLegend 24-31, AF700), anti-CD69 (555532,
PE-Cy5), anti-CD25 (555431, FITC), anti-Ox40 (ACT35, BUV496), anti-CD19 (SJ25C21, APC-Cy7), and
anti-GL7 (BioLegend GL7, PB). Following washes, cells were stained with streptavidin-BV421 (BioLegend
405225) at 4°C for 30 minutes. Cells were fixed and permeabilized using Cell Fixation/Permeabilization
Kit (Invitrogen). For intracellular staining, anti-BCL6 (K11291, PE) and anti-FoxP3 (236AE7, AF647) were
added to cells at 4°C for 60 minutes. In vitro experiment B cells were additionally stained with anti-IgG Fc
(BioLegend M1310G05, PE). Staining of murine dLNs and PBMCs was performed as described (14). Data
were acquired on a Cytek Aurora (5-laser configuration), and data were analyzed with FlowJo version 10.

Cell sorting. Human cryopreserved PBMCs were reanimated as above. For both mouse and human
samples, cells were magnetically enriched for CD4 by positive selection (Miltenyi Biotec) and stained as
above. Antibodies included anti-CD4 (M-T477, BUV395), anti-CD19 (SJ25C21, APC-Cy7), and anti-CX-
CRS5 (552118, Biotin). Following washing, cells were stained with streptavidin-BV421 (BioLegend 405225)
at 4°C for 30 minutes. Then 7-AAD Live/Dead dye (Thermo Fisher Scientific) was added at 1:1,000.
Staining of murine dLNs and PBMCs was performed as described (14). Stained cells were sorted on a BD
FACSAria II cell sorter (85 um nozzle) as CD4*CD19 CXCR5* cells.

ScRNA-Seq and quality control. Sorted cells were stained using TotalSeq-C antibodies from BioLegend
(clones LNH-94 and 2M2). Cells were loaded onto a Chromium chip K and encapsulated using the 5 kit V2
(10x Genomics). Subsequently, cDNA synthesis and library preparation were executed as per the manufac-
turer’s instructions, and cDNA were sequenced on an Illumina NovaSeq. Postsequencing reads underwent
processing using Cell Ranger (10x Genomics), and quantification was performed with STAR aligner. Output
data were imported into the Seurat package for further analyses.

Single-cell RNA data processing and analysis. Initial processing steps included demultiplexing and
doublet exclusion with HTODemux function. Filtering based on unique molecular identifier (UMI)
count, gene count, log-transformed genes per UMI, and mitochondrial RNA content was performed.
For mouse data, normalization and variance stabilization were performed using the SCTransform func-
tion (v.2) based on the 3,000 most variable genes, while regressing cell cycle phase, mitochondrial,
and ribosomal mapping. For human data, normalization and variance stabilization were performed via
the Seurat v5 pipeline (NormalizeData, FindVariableFeatures, and ScaleData). Identity-based filtering
was applied after comparing each cell with the Immunologic Genome Project dataset via the SingleR
(mouse) or Azimuth (human) pipeline to exclude contaminating cells. Mouse Tfr cells were defined
by expression of Foxp3 or SingleR as a Treg-dominant transcriptional profile. Dimensionality reduc-
tion was accomplished using UMAP, with exclusion of TCR-related genes. Differential gene expres-
sion analysis between multiplexed samples was conducted using the DESeq2 model within the Seurat
FindAllMarkers command. Module scores were computed using the AddModuleScore function. Milo
neighborhood analysis was completed using the miloR package (v1.6.0). TCR analyses were completed
using scRepertoire package (v2.0), with clones defined as an identical amino acid sequence. Pseudotime
analysis was completed using the Monocle3 package (v1.3.7).

MSD binding. Standard binding 384-well MSD plates (MSD LA21XA-4) were coated overnight with
Influenza A/Wisconsin/588/2019 H1 HA in PBS at 1 pg/mL. Plates were washed 3 times with PBS +
0.05% Tween 20 (washing buffer), blocked for 1 hour with 3% w/v instant nonfat dry milk (Foodhold
USA) (blocking buffer), washed 3 times, incubated with plasma samples diluted 1,000% in blocking buf-
fer for 2 hours, washed 3 times, incubated with Sulfo-TAG-labeled anti-human antibody (Goat) (MSD
R32AJ-1), diluted to 1 ug/mL in blocking buffer for 1 hour, washed 6 times, and read with 1x read buffer
(MSD R92TC) on an MSD Sector S 600. All values are reported as the mean of 3 technical replicates.
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HAI titer. HAI titers were determined as previously described (52). For H1 HAI, Influenza A/Wiscon-
sin/588/2019 was amplified in MDCK cells (ATCC, CCL-34), and HAI titers were determined using 0.5%
turkey red blood cells (Innovative Research ITKRBCS5P) diluted in PBS. Samples were measured in duplicate,
and titers are reported as log, inhibition titers.

Tfh in vitro cell culture. A total of 5 X 10* human Tfh cells from samples above were sorted and add-
ed to media (RPMI 1640 containing 10% FBS, 10 mM HEPES, 100 U/mL penicillin, and 100 pg/mL
streptomycin) in a U-bottom cell culture plate (Corning). Each well was supplemented with 6 x 10* anti-
CD3/anti-CD28 Dynabeads (Gibco). To simulate aged microenvironment, 10 ng/mL of IL-6, IL-1B, and
TNF-a were added. Cells and supernatant were harvested after 7 days of culture. For B cell experiments,
CD19" cells were purified from PBMCs according to the manufacturer protocol (Miltenyi Biotec). Tth cells
were washed and 2 x 10° CD19* B cells were added to each well supplemented with anti-IgM (Jackson
ImmunoResearch, 5 ng/mL). B and Tfh cells were harvested after an additional 7 days. Concentration of
cytokines in the supernatant was measured by multiplex ELISA using Human ProcartaPlex Simplex kits
(Thermo Fisher Scientific).

Bulk RNA-Seq. Bulk RNA-Seq was performed as previously published (14). In short, 5 x 10* Tth cells
from in vitro cell culture experiments were harvested and resuspended in RLT buffer. RNA extraction was
done utilizing MyOne Silane Dynabeads (Thermo Fisher Scientific). Fragmentation and barcoding using 8
bp barcodes and standard Illumina adaptors was performed. Agencourt AMPure XP bead cleanup (Beck-
man Coulter) was performed followed by 15 cycles of PCR amplification. Libraries underwent gel purifi-
cation and quantification. Sequencing was carried out on an Illumina NextSeq sequencer (Illumina) with
single-end 50 bp reads. Sequencing reads were aligned to the hg38 genome (Ensembl GRCh38.99) using
the STAR aligner, followed by quantification using Salmon within the bcbio-nextgen 1.2.9 bulk RNA-Seq
pipeline. The aligned and quantified data were processed using the bcbioRNAseq function. Differential
gene expression analysis was subsequently conducted using the DESeq2 package in R.

Statistics. Statistical graphs and descriptive measures (such as frequency, percentage, mean, SD, medi-
an, and IQR) were used to summarize data. The Mann-Whitney U test was used to assess differences in
study variables between groups. P values were not corrected for multiple comparisons. Correlation analyses
using Spearman’s rank correlation were used to examine bivariate associations. Longitudinal modeling of
repeated measures, using nonlinear mixed models, was used to examine and compare the patterns of over-
time changes in immunologic and serologic variables. All P values are 2 sided, and a P value of less than
0.05 was considered significant. Statistical analyses were performed using R software version 4.3.1 and
SAS software version 9.4 (SAS Institute).

Study approval. All mouse protocols used in this study were approved by the Brigham and Women'’s
Hospital Institutional Animal Care and Use Committee and the NIH Guide for the Care and Use of Laboratory
Animals (National Academies Press, 2011). Influenza vaccinee samples were collected under a protocol
approved by the Dana Farber Cancer Institute Institutional Review Board. All participants provided volun-
tary and informed consent for study participation. Additionally, all participants were compensated for their
time and participation in the study.
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