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SUMMARY
Humoral immune responses are dysregulated with aging, but the cellular and molecular pathways involved
remain incompletely understood. In particular, little is known about the effects of aging on T follicular helper
(Tfh) CD4 cells, the key cells that provide help to B cells for effective humoral immunity. We performed tran-
scriptional profiling and cellular analysis on circulating Tfh before and after influenza vaccination in young and
elderly adults. First, whole-blood transcriptional profiling shows that ICOS+CD38+ cTfh following vaccination
preferentially enriches in gene sets associated with youth versus aging compared to other circulating T cell
types. Second, vaccine-induced ICOS+CD38+ cTfh from the elderly had increased the expression of genes
associated with inflammation, including tumor necrosis factor-nuclear factor kB (TNF-NF-kB) pathway acti-
vation. Finally, vaccine-induced ICOS+CD38+ cTfh display strong enrichment for signatures of underlying
age-associated biological changes. These data highlight the ability to use vaccine-induced cTfh as cellular
‘‘biosensors’’ of underlying inflammatory and/or overall immune health.
INTRODUCTION

Influenza vaccination induces strain-specific neutralizing anti-

bodies in healthy adults, but this process is impaired with ag-

ing.1–4 Moreover, immunological aging, which may or may not

be directly linked to chronological aging, is associated with

increased morbidity and mortality from infectious diseases.5–7

Studies of immunological aging and vaccines have identified

mechanisms, including alterations at the subcellular,8–11

cellular,12,13 and systems levels,14–17 that lead to altered vaccine

responses. Vaccination strategies that effectively overcome

age-associated immune dysfunction are of great interest for

rational vaccine design.
Cell
This is an open access article under the CC BY-N
The production of class-switched, affinity-matured antibody

by B cells is dependent on help from T follicular helper (Tfh) cells

in germinal centers (GCs) in lymphoid tissues,18 but few studies

have evaluated the effects of aging on the GC reaction and GC-

dependent cellular responses in humans. Suboptimal vaccine

responses with aging have been associated with alterations in

cellular pathways, such as tumor necrosis factor-nuclear fac-

tor-kB (TNF-NF-kB).19 For example, several studies observed

a modest negative correlation between serum TNF and vaccine

responses.12,20–22 However, therapeutic anti-TNF antibody

paradoxically did not result in improved humoral responses

and instead led to reduced vaccine-induced antibody responses

to pneumococcal and influenza vaccines.23–25 Furthermore,
Reports Medicine 2, 100262, May 18, 2021 ª 2021 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:ramin.herati@nyulangone.org
mailto:wherry@pennmedicine.upenn.edu
https://doi.org/10.1016/j.xcrm.2021.100262
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2021.100262&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Article
ll

OPEN ACCESS
mice deficient in TNF receptor 1 or TNF failed to make GCs and

were unable to mount sustained immunoglobulin G (IgG) re-

sponses to immunization.26–29 Thus, the role of TNF signaling

in GC and Tfh responses remains poorly understood, but it is

likely to be critically important.30–32 Understanding age-associ-

ated alterations in pathways such as TNF and others13,16,33,34

will be necessary for designing effective vaccines for the elderly.

In humans, directly studying the events leading to productive

humoral immunity is challenging because lymphoid tissue is

not readily available after vaccination. Several studies have

examined a subset of CD4 T cells in human peripheral blood,

called circulating T follicular helper cells (cTfh), that possesses

phenotypic, transcriptional, and functional similarities to

lymphoid Tfh.35–40 Some features of cTfh likely reflect events in

lymphoid tissue. For example, vaccine-induced changes in

cTfh correlate with changes in influenza-specific antibody pro-

duction.38–40 The subset of cTfh expressing high ICOS and

CD38 is expanded in blood 7 days after influenza vaccination,

correlates with the plasmablast response, and includes recurring

influenza-specific T cell receptor clonotypes each year after

influenza vaccination.41 Moreover, we recently demonstrated

that ICOS+CD38+ cTfh can be found in lymph and share charac-

teristic features of GC-Tfh.42 Thus, cTfh may be useful as a

cellular biomarker of immunological events, including vaccina-

tion, and possibly the broader state of lymphoid compartments

from which these cells recently emerged. Moreover, profiling

cTfhmay provide opportunities to identify the underlying reasons

for suboptimal vaccine responses in human populations,

including the elderly.

Here, we tested the effects of aging on cTfh after influenza

vaccination. Transcriptional profiling of cTfh subsets responding

to vaccination revealed key age-associated pathway-level differ-

ences in cTfh responses to influenza vaccination. In particular,

transcriptional signatures downstream of TNF-NF-kB signaling

pathway were enriched in responding ICOS+CD38+ cTfh from

elderly adults compared to young adults at 7 days after vaccina-

tion. This transcriptional programwas associated with a pro-sur-

vival effects in these ICOS+CD38+ cTfh. Focusing on activated

cTfh responding to vaccination also revealed additional age-

related inflammatory pathway differences. In particular, on day

7 after vaccination, ICOS+CD38+ cTfh from older adults

displayed transcriptional evidence of major alterations in inter-

leukin-2-signal transducer and activator of transcription 5 (IL-

2-STAT5) signaling, IL-6-STAT3 signaling, and other pathways.

When examined for general signatures of aging versus youth,

ICOS+CD38+ cTfh enriched far better for these signatures than

other blood T cell types, suggesting that vaccine-induced or

recently activated cTfh are sensitive biomarkers of underlying

changes in immune fitness. Thus, these studies identify key

changes in cTfh with age that may relate to altered humoral im-

munity following vaccination.

RESULTS

ICOS+CD38+ cTfh response appears similar with aging
Antibody responses tovaccinationdependonTfhhelp toBcells,43

but the effects of aging on Tfh responses remain poorly under-

stood.Weandothers havedemonstrated that blood cTfh can pro-
2 Cell Reports Medicine 2, 100262, May 18, 2021
vide insights into Tfh biology relevant to vaccine responses.38–41

The subset of cTfh expressing ICOS and CD38 are highly acti-

vated, expand after influenza vaccination, and contain the influ-

enza-specific clonotypes38,41; moreover, activated Tfh similar to

those in the blood can be found in lymph and have characteristics

similar to GC-Tfh, suggesting a direct relationship between

ICOS+CD38+ cTfh and events in lymphoid tissue.42 Here, we

focused on this ICOS+CD38+ cTfh subset to understand age-

related changes in vaccine-induced immunity.

Our previous work revealed an age-related decrease in total

cTfh, defined as CD4+CXCR5+PD-1+ T cells in the blood, but

whether there were differences in the more activated, vaccine-

responding cTfh cells expressing ICOS together with CD38

and/or Ki67 was less clear.38 Thus, because the ICOS+CD38+

cTfh subset contains vaccine-responding T cell clones, we

sought to investigate this population in more detail in young

and elderly adults (Table S1). We again defined cTfh as non-

naive CD4+CXCR5+PD-1+ T cells (Figure S1A).38,41 Similar to

our previous findings,38 elderly adults had a 19% lower fre-

quency of total CXCR5+PD-1+ cTfh in circulation and a 1.2-fold

higher expression of ICOS at baseline (p = 0.05 and p = 0.06,

respectively; Figures S1B and S1C). However, among cTfh, the

frequency of cells expressing ICOS and CD38 was similar in

young and elderly at baseline (Figures 1A and S1D) and after

influenza vaccination (Figures 1B, 1C, and S1E). The vaccine-

induced increase in PD-1 expression was also comparable in

both cohorts for the ICOS+CD38+ cTfh population (Figures 1D

and S1F). In line with the role of Tfh providing help to B cells,

the vaccine-induced fold change in the ICOS+CD38+ cTfh

response correlated with the vaccine-induced fold change in

the plasmablast response but was not different with aging

(young, Pearson r = 0.57, p = 3.9 3 10�3; elderly, Pearson r =

0.67, p = 4.83 10�4) (Figures 1E and S1G). Thus, the magnitude

of the influenza vaccine-induced cTfh responses and their corre-

lation with the plasmablast response was similar in young and

elderly adults.

We next hypothesized that transcriptional profiling may be

more sensitive than flow cytometric analysis for revealing differ-

ences in cTfh responses. We performed RNA sequencing (RNA-

seq) on ICOS+CD38+ cTfh, ICOS�CD38� cTfh, and naive CD4+

cells from young (n = 6) and elderly (n = 8) adults before and after

influenza vaccination (Figures S1H–S1J). In both age groups,

ICOS+CD38+ cTfh had a distinct transcriptomic signature, with

a higher expression of genes previously described in Tfh,18,44–

46 such as MAF, BCL6, and TIGIT, compared to naive CD4,

and ICOS+CD38+ cTfh expressed more CD38, MKI67, and

POU2AF1 than ICOS�CD38� cTfh (Figures 1F and S1K). More-

over, the ICOS+CD38+ cTfh displayed greater similarity to

lymphoid GC-Tfh than the ICOS�CD38� cTfh subset by gene

set enrichment analyses (GSEAs)47 for human tonsillar GC-

Tfh36 and mouse lymphoid GC-Tfh48,49 datasets (Figures S1L–

S1N; Table S2), irrespective of aging. In general, however,

although the three CD4 T cell populations examined had distinct

transcriptional profiles, the age-related differences within each of

these cell types at the level of individual genes, such as

POU2AF1, were minimal (Figures 1F and S1O). Thus, the

ICOS+CD38+ cTfh response to influenza vaccination was similar

in young versus elderly adults, at least at this level of resolution.
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Figure 1. ICOS+CD38+ cTfh responses appear similar with aging

A cohort of young adults (n = 28) and elderly adults (n = 35) received influenza vaccination in Fall 2014.

(A and B) Flow cytometry for days 0 and 7 after vaccination in the frequency of cTfh co-expressing ICOS and CD38 for young (orange, n = 27) and elderly (purple,

n = 35) adults.

(C and D) Fold change between days 0 and 7 for the change in ICOS+CD38+ cTfh frequency (C) or geometric MFI of PD-1 (D) in ICOS+CD38+ cTfh for young

(orange, n = 27) and elderly (purple, n = 35) adults.

(E) Correlation between ICOS+CD38+ cTfh frequency fold change at day 7 compared to day 0, and the plasmablast fold change at day 7 compared to day 0 for

young (orange, n = 25) and elderly (purple, n = 26) adults.

(F) Peripheral bloodmononuclear cells (PBMCs) from young (n = 6) and elderly (n = 8) adults were sorted for ICOS+CD38+ cTfh, ICOS�CD38� cTfh, and naive CD4

at days 0 and 7 after vaccination. Log-transformed transcriptional profiling data were queried for selected genes for young (orange) and elderly (purple) adults at

day 7 after vaccination. The heatmap is row normalized.
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TNF-NF-kB signaling is enriched with aging in
ICOS+CD38+ cTfh
Despite the findings above, previous studies have suggested that

cTfh from older adults may differ qualitatively or functionally from

those in younger adults.3,13,34 To further interrogate the question

of age-related differences in the cTfh response to vaccination, we

directly compared the transcriptional profiles of ICOS+CD38+

cTfh from young and elderly adults at day 7 (Figure 2A), when the

ICOS+CD38+cTfhpopulation inblood isenriched for influenza-spe-

cific cells.41 Transcriptional differences were revealed for

ICOS+CD38+ cTfh from young compared to elderly adults at day

7 (Figures S2A and S2B). Differentially expressed genes included

PLCG2, RNF130, RAB2A, and ACSL3, which were increased in

cTfh from elderly adults, whereas CD27, CD6, EIF1AD, EEF2, and

MAP2K2were increased in the young (Figure S2C). CD27, a mem-

ber of the TNF receptor family, wasmore strongly expressed at the

protein level in the ICOS+CD38+ cTfh from young adults compared

to elderly adults (Figure S2D). Overall, however, examining differ-

ences in the expression of individual genes did not reveal obvious

age-related changes (Figures S1J, S1K, S2A, and S2B) that would

explain differences in vaccination outcomes with age, suggesting

that differences in cTfh between young and older adults, if they ex-

isted, may reside in the coordination of the transcriptional

programs.

We, therefore, next hypothesized that there may be broader

age-related differences at the pathway level. GSEA identifiedmul-
tiple gene sets potentially relevant to age-related biological

changes that preferentially enriched in the ICOS+CD38+ cTfh

from the elderly adults compared to young ICOS+CD38+ cTfh at

day 7 post-vaccination (Figure S2E). For example, the IL-2/

STAT5 signaling pathway was previously demonstrated to have

an inhibitory effect on Tfh differentiation via Blimp-1.50 There

was stronger enrichment for the IL-2/STAT5 signaling pathway

in ICOS+CD38+ cTfh from the elderly adults (Figure S2E), although

this enrichment did not correspond to detectable differences in

PRDM1 transcripts in the blood (Figure 1F). Among the inflamma-

tory signatures with the greatest enrichment in the ICOS+CD38+

cTfh fromtheelderly adultswasTNF-NF-kBsignaling (FigureS2E).

These enrichment patterns were biased to pathway enrichment in

ICOS+CD38+ cTfh from elderly adults, with no specific gene sets

enriched in ICOS+CD38+ cTfh from the young adults even at a

more relaxed false discovery rate (FDR) of <0.20, thereby suggest-

ing more distinct biological changes in the elderly. These data

highlighted the potential differential use or engagement of the

NF-kB signaling pathway by ICOS+CD38+ cTfh in elderly adults

compared to young adults at day 7 post-vaccination.

These observations provoked the hypothesis that inflamma-

tory signals could result in transcriptional network differences

in the vaccine-induced cTfh from elderly adults. To investigate

this possibility, we next applied weighted gene correlation

network analysis (WGCNA)51 to more deeply interrogate the un-

derlying transcriptional networks of vaccine-induced cTfh from
Cell Reports Medicine 2, 100262, May 18, 2021 3



A

D

G

I

J

H

K L M

B

E F

C

Figure 2. TNF-NF-kB pathway is enriched with aging in ICOS+CD38+ cTfh

(A) Schematic for RNA-seq analyses.

(B and C) Weighted gene correlation network analysis on ICOS+CD38+ cTfh at day 7 from young (B) and elderly (C) adults.

(D) Module preservation analysis was performed using Fisher’s exact test. Heatmap color and value indicate the �log10(p value) for the overlap in genes in

modules.

(E) Genes ranked based on module membership for elderly module EM4. Then, GSEA was performed using the MSigDB HALLMARK collection. Positive

enrichment scores indicate enrichment for genes in EM4.

(F) Transcription factors with module membership >0.80 in EM4 displayed as a multiple association network (GeneMANIA without gene prediction).

(G) Ingenuity Pathway Analysis for predicted upstream regulators for ICOS+CD38+ cTfh at day 7 for young and elderly adults.

(legend continued on next page)
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young versus elderly. An advantage of WGCNA is the ability to

identify biologically meaningful groups of co-varying genes,

even if the individual genes are not statistically differentially ex-

pressed. Taking advantage of co-variance often identifies major

changes in biological circuits that are not apparent at the level of

individual genes. At day 7 after vaccination, 6 transcriptional

modules were identified for the ICOS+CD38+ cTfh subset iso-

lated from young adults, whereas 8 transcriptional modules

were identified from the elderly (Figures 2B, 2C, S2F, and S2G;

Table S3). Although most modules in young adults overlapped

with R1 modules in the elderly, 2 modules in the elderly (EM1

and EM4) did not have significant overlap with any module in

young adults (Figure 2D). To evaluate the underlying biology of

these modules, we used GSEA on genes ranked by module

membership (Figures 2E and S2H), which revealed TNF-NF-kB

signaling to be the highest-scoring pathway associated with

EM4. After filtering the EM4 gene list for transcription factors,52

we identified a dense network of six hub genes—IRAK3,

MYD88, TNFAIP3, STAT5A, REL, and TNFSF11—that had direct

relevance to the NF-kB signaling pathway (Figures 2F and S2I;

Table S4). In addition, Ingenuity Pathway Analysis (IPA) for up-

stream regulators53,54 predicted lipopolysaccharides (LPS), IL-

1B, NF-kB (complex), TNF, and MYD88 to be more activated in

ICOS+CD38+ cTfh from elderly adults compared to young adults

at day 7 following vaccination, and signatures associated with

blocking TNF signaling biased in the opposite direction (Figures

2G and S2J). In addition, several other inflammatory pathways

were strongly enriched in EM4, including inflammatory response,

transforming growth factor b (TGF-b) signaling, IL-2 STAT5

signaling, and IL-6 JAK STAT3 signaling, as were signatures of

hypoxia and complement (Figure 2E). Module EM1 also enriched

for inflammatory pathways with type I and type II interferon path-

ways as the strongest signatures (Figure S2H). These results

identified coordinated transcriptional changes reflecting inflam-

matory signaling in the elderly.

We next asked whether genes downstream of NF-kB were

affected, using a list of �1,500 NF-kB target genes.55 We identi-

fied 58 targets of NF-kB that were upregulated in ICOS+CD38+

cTfh at day 7 in elderly adults comparedwith 25 that were upregu-

lated in young adults at Padj < 0.05 (Figures 2H and S2K). GSEA

also identified stronger enrichment of the gene targets of NF-kB in

the ICOS+CD38+ cTfh at day 7 from elderly compared to young

adults (Figure 2I). These data support the observation of increased

inflammatory signaling in ICOS+CD38+ cTfh with aging.

Circulating inflammatory cytokines can differ in elderly

compared to young adults,56 which is consistent with the notion

of immune dysregulation and chronic inflammation during ag-

ing.15,57At baseline,we identifiedhigher levelsofTNF,C-X-Cmotif

chemokine 11 (CXCL11), and macrophage inflammatory protein

1b (MIP1b) in the plasmaof elderly compared to young adults (Fig-
(H) Differentially expressed NF-kB target genes comparing ICOS+CD38+ cTfh at

(I) GSEA for NF-kB target genes to compare ICOS+CD38+ cTfh from elderly and

(J) Example plot from 1 young adult and 1 elderly adult for total NF-kB p50 prot

fluorescence intensity (MFI) shown.

(K) Total NF-kB p50 for ICOS+CD38+ cTfh at baseline in young (orange) and elderl

young and elderly adults.

(L and M) Gene expression for TNFRSF1A (L) (n = 6 for young; n = 8 for elderly)

transformed counts data for young (orange) and elderly (purple) adults.
ure S2L). We then used gene set variation analysis (GSVA)58 to

investigate whether the plasma TNF concentrations had any rela-

tionship to the increase in the TNF-NF-kB gene set signature in

ICOS+CD38+ cTfh fromelderly adults at 7daysafter immunization,

but we found no correlation (Figures S3A and S3B). These data

suggested that serum TNF alone was unlikely to be the sole cause

of the observed TNF-NF-kB transcriptional signature.

To further investigate a potential role for differences in NF-kB

signaling, we next tested whether there was evidence for consti-

tutive upregulation and/or activation of the NF-kB pathway

ex vivo. NF-kB1 (p50) protein expression was elevated in

ICOS+CD38+ cTfh from elderly adults compared to young adults

(Figures 2J, 2K, S3C, and S3D) suggesting the greater activation

of, or the ability to activate, this pathway in response to inflam-

matory mediators in the ICOS+CD38+ cTfh from aged individ-

uals. TNF signaling occurs via the interaction of soluble or

membrane-bound TNF with TNF receptors CD120a and

CD120b (TNFR1 and TNFR2, respectively), with soluble TNF

signaling more strongly through TNFR1 than TNFR2.59 To test

whether cTfh differentially expressed TNFR1 or TNFR2, tran-

scriptional profiling data for CD4 T cell subsets was evaluated

for TNFR1 (gene name TNFRSF1A) and TNFR2 (gene name

TNFRSF1B). ICOS+CD38+ cTfh had higher gene expression for

TNFR1 and TNFR2 than other CD4 subsets at baseline (Fig-

ure S3E). Following vaccination, TNFRSF1A expression in

ICOS+CD38+ cTfh was increased in elderly compared to young

adults, although the expression of TNFRSF1B was similar (Fig-

ures 2L, 2M, and S3F–S3H). Thus, several components of the

TNF signaling pathway are elevated in vaccine-induced

ICOS+CD38+ cTfh from elderly compared to young adults.

TNF signaling promotes Tfh-B cell interactions
TNF-NF-kB signaling with aging has been associated with age-

related immune dysfunction.57 Our transcriptional and network

analyses highlighted a role for increased NF-kB signaling with

agingwithin ICOS+CD38+ cTfh at day 7 post-vaccination.We hy-

pothesized that TNF-NF-kB signalingmay adversely affect Tfh-B

cell interactions. To test this idea, we used cTfh-B cell coculture

using autologous naive B cells andCD4 T cells from young adults

to interrogate pathways involved in cTfh provision of help to B

cells in vitro.35–38 As expected, cTfh (defined as non-naive

CD4+CXCR5+PD-1+) were the major supplier of B cell help, as

evidenced by higher IgM and IgG1 in supernatant after staphylo-

coccal enterotoxin B (SEB) stimulation compared to controls

(Figures 3A and 3B). To test the impact of TNF on the ability of

cTfh to provide help, recombinant TNF protein or a-TNF antibody

was added at the beginning of the coculture. Adding TNF did not

augment B cell help and antibody production compared to SEB

alone (Figures 3A and 3B). In contrast, the addition of a-TNF

blocking antibodies reduced supernatant IgG1 concentrations
day 7 from elderly (purple) and young (orange) adults.

young adults.

ein from an independent cohort of young and elderly adults. Geometric mean

y (purple) adults (n = 16 in each group), as taken from an independent cohort of

and TNFRSF1B (M) (n = 8 for elderly) shown at day 7 after vaccine from log2-

Cell Reports Medicine 2, 100262, May 18, 2021 5



A

E

B C

D

F

Figure 3. TNF signaling promotes Tfh-B cell interactions

(A and B) PBMC from young adults were freshly isolated and sorted for coculture of T cell subsets (naive, gated as CD4+CD45RA+CD27+; CXCR5�memory, non-

naive CD4+CXCR5�; cTfh, non-naive CD4+CXCR5+PD-1+) with autologous naive B cells (CD3�CD19+CD27loIgD+). Supernatant IgM (A) and IgG1 (B) were

measured after 7 days, as shown for the following conditions: unstimulated (gray), SEB alone (0.5 mg/mL, green), SEB with recombinant human TNF (125 ng/mL,

tan), or SEB with a-TNF antibodies (2 mg/mL, sienna) (1-way repeated-measures ANOVA with Holm-Sidak’s test; n = 12 per group).

(C and D) Correlation shown for the TNFRSF1A in ICOS+CD38+ cTfh at day 7 compared with the H1N1-specific (C) hemagglutinin inhibitory (HAI) titer (n = 14) or

H3N2-specific (D) HAI titer (n = 14) in young (orange) and elderly (purple) adults.

(E) Correlation of apoptosis and NF-kB gene set GSVA scores for ICOS+CD38+ cTfh at day 7 for young (orange, n = 6) and elderly (purple, n = 8) adults.

(F) Pearson coefficients for BCL family member genes compared to GSVA scores for TNF-NF-kB signaling in ICOS+CD38+ cTfh at day 7 for young (x axis) and

elderly (y axis) adults. Genes classified as either pro-survival (dark blue) or apoptotic (sea green).
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10-fold compared to SEB alone (Figure 3B). The differentiation of

naive B cells into CD19+CD38+CD20lo plasmablasts was

reduced in the presence of a-TNF antibodies, but the addition

of TNF also had no effect (Figure S4A). IgG1 production by naive

B cells stimulated in vitro with a-IgM and soluble trimeric CD40L

did not change upon the addition of a-TNF antibodies (Fig-

ure S4B), suggesting that reduced antibody production by B

cells in the context of the blockade of TNF signaling in the pres-

ence of cTfh was through the effects of TNF signaling on Tfh. Live

cell counts for T and B cells decreased when a-TNF antibodies

were added to the cocultures (Figure S4C) or when the TNF-con-

verting enzyme inhibitor TAPI-060 was used (Figure S4D), sug-

gesting a potential pro-survival role for TNF signaling. Although

nonspecific effects of a-TNF antibodies in these cultures are

possible, the decreased survival observed with increasing con-

centrations of TAPI-0 also support a role for soluble TNF

signaling. These studies only addressed whether TNF signals

could play a role in the Tfh provision of help to B cells in general,

but they did not address the question of aging because of poten-

tial age-related confounders in the autologous naive B cell

compartment from elderly adults.61 To further explore the role

of TNF in cTfh biology in the setting of aging, TNF was assessed

in supernatants from previously performed cocultures38 in which

CD4+CXCR5+PD-1+ cells were cocultured at a 1:1 ratio with allo-

genic naive B cells from a common young donor, thereby allow-
6 Cell Reports Medicine 2, 100262, May 18, 2021
ing the biology of cTfh from older donors to be assessed in vitro.

We found a correlation between age and TNF in the supernatant

after 7 days of coculture (Figure S4E; Pearson r = 0.35, p =

0.048). Because these cocultures used the same source of naive

allogeneic B cells from a single young donor, the greater produc-

tion of TNF was likely due to cTfh from the elderly adults. These

data indicated an age-associated upregulation of the NF-kB

signaling pathway in the ICOS+CD38+ cTfh after vaccination

that was associated with increased TNF production during Tfh-

B cell interactions in the elderly. Moreover, these data suggested

a role for TNF-NF-kB signaling in promoting cellular survival in

the context of Tfh-B cell interactions.

Given the coculture data, we hypothesized that TNF-NF-kB

signaling may be associated with a beneficial effect on the hu-

moral response in vivo. Influenza vaccination was associated

with the higher expression of TNFRSF1A in ICOS+CD38+ cTfh

in elderly adults compared to young adults following vaccination

(Figures 2L and 2M). Thus, we next compared the expression of

TNFRSF1A and TNFRSF1B to the neutralizing antibody re-

sponses. Both young and elderly adults produced influenza

strain-specific binding antibodies and had high neutralizing anti-

body titers following vaccination (Figures S4F and S4G). Exam-

ining young and elderly adults together, TNFRSF1A expression

by ICOS+CD38+ cTfh (but not other CD4 subsets) positively

correlated with the fold change in the strain-specific neutralizing
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antibody titers at day 28 compared to day 0 (Figures 3C, 3D, and

S4H). These data support the notion of a positive role for TNF-

NF-kB signaling in Tfh-B cell interactions. Moreover, these ob-

servations are consistent with observations that clinical TNF

blockade resulted in reduced vaccine immunogenicity.23,24

Since TNF blockade was associated with reduced survival of

cTfh and B cells in cocultures in vitro, we next asked whether

there was an association between TNF signaling and cell death

in vivo. GSVA scores for TNF-NF-kB signaling correlated

strongly with apoptosis similarly for both age groups (Figure 3E).

This positive correlation seemed paradoxical given the in vitro

data above. However, cells did not appear to be undergoing

active regulated cell death,62 as the cellular membrane of

ICOS+CD38+ cTfh was intact based on the exclusion of viability

dye (Figure S1A), and ICOS+CD38+ cTfh of young and elderly

adults did not demonstrate reduced mitochondrial membrane

potential compared to other CD4 T cell subsets (Figure S4I).

Thus, although pro-apoptotic genes may increase with age,

resistance to apoptosis could be linked to the induction of pro-

survival genes. The expression of anti-apoptotic genes

BCL2A1 and MCL1 correlated with the GSVA scores for TNF-

NF-kB signaling in all adults (Figures 3F and S4J). Similarly, the

expression of Survivin (gene name BIRC5; Figures 1F and

S4K), a cIAP family member that can restrain caspase-3 activa-

tion,63 was high in ICOS+CD38+ cTfh. Thus, together with the

reduced viability in vitro with TNF blockade, these data suggest

that TNF-NF-kB signaling may be necessary to counterbalance

pro-apoptotic effects and foster cell survival circuits.

Vaccination elicits discordant transcriptional pathway
responses with aging in ICOS+CD38+ cTfh
To better understand the full spectrum of transcriptional changes

in cTfh during aging, we analyzed the vaccine-induced transcrip-

tional signatures in ICOS+CD38+ cTfh on day 7 post-vaccination

compared to day 0 for young versus elderly adults. Overall, influ-

enza vaccination was associated with relatively modest changes

in transcriptional profiles in ICOS+CD38+ cTfh from young and

elderly adults (Figure 4A), suggesting that pre-vaccination

ICOS+CD38+ cTfh share many transcriptional characteristics

with these cells post-vaccination.

We then used pathway enrichment combined with pre-ranked

GSEA to compare transcriptional signatures from ICOS+CD38+

cTfh from young versus elderly adults. Clear enrichment patterns

were observed for many key gene sets. However, overall, the

enrichment patterns were only concordant between young and

elderly adults for �1/3 of the Hallmark gene sets examined (Fig-

ures 4B, and S4L; Table S2), suggesting distinct biology for this

cell type in elderly versus young adults. For example, TGF-b

signaling displayed reduced enrichment at day 7 compared to

day 0 in ICOS+CD38+ cTfh from both young and elderly adults

(Figure 4C). In contrast, in young adults, there was positive

enrichment (associated with upregulation at day 7) for the E2F

target gene set in ICOS+CD38+ cTfh, whereas elderly adults

had negative enrichment for this pathway (Figure 4D). The oppo-

site pattern was observed for IL-2-STAT5 (Figure 4E) and TNF-

NF-kB signaling (Figure 4F), both of which were enriched in the

elderly adults compared to the young adults. In general,

ICOS+CD38+ cTfh from the young adults enriched positively for
signatures of regulation of proliferation and Myc biology, but

negatively for signatures of inflammatory signaling. In contrast,

ICOS+CD38+ cTfh from the elderly adults enriched positively

for metabolic pathways and inflammatory signaling. These re-

sults demonstrate multiple pathway-level differences with aging

in ICOS+CD38+ cTfh after influenza vaccination.

Age-related differences preferentially revealed by CD4
T cell subset analysis
We next hypothesized that the age-related differences in cellular

pathways may be distinct in different CD4 T cell subsets. We

therefore compared enrichment for 9 Hallmark gene sets by

GSEA in naive CD4 T cells, ICOS�CD38� cTfh, and ICOS+CD38+

cTfh from young and elderly adults before (day 0) and after (day 7)

influenza vaccination (Figures 5A–5I, S5A, and S5B; Table S2).

These analyses revealed several key findings. First, consistent

with our data in ICOS+CD38+ cTfh (Figure 1),most of the pathways

showed only weak differences with aging at baseline. Two excep-

tions included a moderate enrichment of Myc targets (Figure 5D)

in ICOS�CD38� cTfh and ICOS+CD38+ cTfh from the elderly

adults at baseline and an enrichment of oxidative phosphorylation

(Figure 5F) in the ICOS�CD38� cTfh from the young adults at day

0. Second, the overall similarity at baseline was contrasted by

substantial differences following vaccination. Of all of the gene

sets, 57% changed in enrichment direction (i.e., from young to

elderly or vice versa) for ICOS+CD38+ cTfh between days 0 and

7, comparedwith 30% for naive CD4 between days 0 and 7. How-

ever, one of the most clear patterns was the uncovering of an un-

derlying bias for inflammatory signatures, including TNF-NF-kB,

inflammatory response, and IL-2-STAT5 gene sets to be preferen-

tially enriched in theCD4 T cells of the elderly adults, oftenwith the

greatest enrichment in the ICOS+CD38+ cTfh subset (Figures 5A–

5C, and 5J). Third, ICOS+CD38+ cTfh showed the greatest dy-

namic range of the 3 T cell subsets, based on the difference

with aging in the day 7 and day 0 normalized enrichment scores

per subset (Figure 5J). Whether these differences reflect differen-

tial systemic induction of inflammation upon vaccination, distinct

abilities of T cells to induce transcriptional responses related to

these pathways due to aging, or both, remain to be determined.

The different signatures of ICOS+CD38+ cTfh from
young and elderly adults are most apparent at day 7
post-vaccination
Differences in the transcriptional profiles of CD4 T cells with aging

were most prominent in ICOS+CD38+ cTfh at the cellular pathway

level following influenza vaccination (Figure 5). We next wanted to

determine whether a whole-blood baseline gene signature of ag-

ing would be reflected in the same manner and whether vaccina-

tion was necessary to identify the features of aging.

To test this idea, baseline whole-blood microarray data from

the full study cohort (27 young and 35 elderly adults, Immport

SDY739) was used to assess differential gene expression with

aging, using the same cohort from which the adults for the

RNA-seq (Figures 1, 2, 3, 4, and 5) were derived. From these

data, we constructed signatures of youth (354 genes upregu-

lated in the young) or aging (232 genes upregulated in the elderly)

(Figure S6A; Table S5). These signatures were then used to test

whole-blood microarray data from other years’ cohorts from the
Cell Reports Medicine 2, 100262, May 18, 2021 7
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Figure 4. Age-dependent differences in transcriptional profiles of ICOS+CD38+ cTfh

(A) t-Distributed stochastic neighbor embedding (t-SNE) analysis was performed for all CD4 T cell subsets. ICOS+CD38+ cTfh shown before and after vaccination

for young (n = 6) and elderly (n = 8) adults.

(B) Aggregated GSEA results for Hallmark gene sets comparing day 7 versus day 0 for ICOS+CD38+ cTfh in young (orange) and elderly (purple) adults.

(C–F) GSEA shown for day 7 versus day 0 for ICOS+CD38+ cTfh from young (orange) and elderly (purple) adults for TGF-b signaling (C), E2F targets (D), IL-2

signaling (E), and TNF-NF-kB signaling (F) gene sets.
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same study.64,65 We found strong enrichment of the signatures

of youth and aging in the young and elderly adults, respectively

(Figure 6A). The signature of youth had Gene Ontology terms

for RNA metabolism, whereas the signature of aging had terms

for fatty acid metabolism and cytoskeletal regulation (Fig-

ure S6B), in agreement with other signatures of aging.33

To further validate these signatures, we identified several pub-

lished studies16,66–68 that generated whole-blood transcriptional

profiles on adults younger than age 40 or older than age 65 (Ta-

ble S6). From these data, we performed differential expression

analysis of young compared to elderly adults in multiple

geographically distinct studies and again found robust enrich-

ment for these signatures in the external datasets (Figures 6B

and S6C). To test these signatures on continuous (rather than co-

horted) data, GSVA scores for the signatures of youth and aging

were compared against the Nanostring data for adults in a large

cohort (n = 986) across lifespan (Milieu Intérieur cohort68). In this

cohort, the signature of youth negatively correlated with age

(Pearson r = �0.28, p = 8.6 3 10�20, n = 986) and the signature

of aging positively correlated with age (Pearson r = 0.31, p =

4.63 10�23) (Figure S6D). These results demonstrate conserved

gene expression patterns for youth and aging in whole-blood

transcriptional profiling data in multiple published studies.
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Wenext testedwhether the signatures of youth and aging could

be discerned in the CD4 T cell subsets examined above before

and after influenza vaccination. For example, the signature of

youth was positively enriched in the young cohort in all of the sub-

sets at day 0. However, this signature of youth was most strongly

enriched in the ICOS+CD38+ cTfh at day 7 after vaccination (Fig-

ures 6C and S6E). Similarly, the signature of aging was evident at

day 0, such as in naive CD4 T cells from the elderly adults. Again,

however, the strongest enrichment of the aging signature was re-

vealed in the ICOS+CD38+ cTfh after vaccination (Figures 6C and

S6E). These data demonstrated that ICOS+CD38+ cTfh are sus-

ceptible to immunologic perturbation with influenza vaccination

and sensitively reflect general immunological or organismal envi-

ronment of youth and aging in the cellular transcriptional program.

DISCUSSION

Inductionof protectiveantibody responses is the goal ofmost vac-

cines.Many vaccinesare lesseffective inelderly adults, but theun-

derlying causes, including how aging affects Tfh and B cell re-

sponses, remain poorly understood. In this study, we examined

the cTfh response to vaccination in young and elderly adults to

interrogate the effects of aging on Tfh. There were several key
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Figure 5. Age-related differences in signaling pathways are preferentially revealed by subset and time point

(A–I) GSEA performed to compare young versus elderly for each CD4 T cell subset for each time point. Normalized enrichment score shown as circle size and

color.

(J) ‘‘Delta-NES’’ score was calculated by subtracting the day 0 NES score from the day 7 NES score with aging for each gene set for each subset. Each dot

represents 1 gene set. The red bar indicates median.
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observations from these studies. First, despite the similar magni-

tudeof responses tovaccinationand in theexpressionof individual

Tfh-associated genes, ICOS+CD38+ cTfh from young and elderly

adultsdiffered innetwork level transcriptional signatures, revealing

underlying changes in key biological pathways not apparent at the

level of individual genes. Second, signatures of inflammatory re-

sponses, IL-2-STAT5 signaling, and TNF-NF-kB signaling in

particular were substantially stronger in ICOS+CD38+ cTfh from

elderly adults. Third, vaccine-induced ICOS+CD38+ cTfh reflected

underlying signatures of aging versus youth more strongly than

ICOS�CD38� cTfh or naive CD4 T cells. These latter observations

indicate that recently activated cTfhmay function as biosensors of

underlying inflammatory and/or host physiological environments

and reflect underlying features of ‘‘immune health.’’

Increased baseline inflammation in elderly adults has often

been associated with declines in overall health69 and, in partic-

ular, the TNF-NF-kB pathway has been implicated in many path-

ological changes with aging. However, these correlations are at

odds with the apparent detrimental effects of TNF pathway

blockade on vaccination23–25 that suggest that blocking residual

TNF signaling impairs, rather than enhances, vaccine-induced

antibody responses. Moreover, data from mice indicate a key

role for TNF in GC responses.26–29 Thus, how TNF-NF-kB

signaling regulates GC-dependent, vaccine-induced immunity

in elderly adults remains incompletely understood. Here, TNF-

NF-kB signaling was correlated with quantitatively better anti-
body responses, suggesting a positive role for TNF signaling in

human GC-dependent immune responses. ICOS+CD38+ cTfh

displayed a strong transcriptional signature of TNF-NF-kB

pathway signaling in all adults, especially the elderly, and

blockade of TNF signaling in vitro led to reduced Ig production

by B cells. Furthermore, these in vitro studies indicated reduced

cellular survival upon blockade of TNF signaling. Our results

point to a pro-survival effect of TNF signaling. likely due to the ef-

fects of TNF signaling on cTfh and/or TNF production by cTfh.

Despite the increased expression of pro-apoptotic Bcl family

members such as BID in ICOS+CD38+ cTfh, there was a

concomitant increase in the expression of pro-survival factors

BCL2A1 and MCL1 that strongly correlated with TNF-NF-kB

GSVA scores in ICOS+CD38+ cTfh at day 7, suggesting a TNF-

NF-kB-dependent survival signal in activated cTfh. These genes

have NF-kB binding sites in their respective promoter se-

quences70,71 linking TNF signaling to a potential pro-survival cir-

cuit in these cells. Moreover, TNFR1 expression in ICOS+CD38+

cTfh at day 7 positively correlated with neutralizing antibody pro-

duction. These data are in agreement with and may provide an

explanation for clinical data from patients receiving therapeutic

TNF blockade demonstrating fewer GC reactions72 and attenu-

ated antibody responses to influenza vaccination.25 Whether

TNF signaling in GC-Tfh regulates proteins involved in providing

B cell help such as ICOS, CD40L, and IL-2143 will be interesting

to investigate in future studies.
Cell Reports Medicine 2, 100262, May 18, 2021 9
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Figure 6. ICOS+CD38+ cTfh transcriptional profiles reveal signatures of aging

(A) Signatures for youth and aging were constructed from the differential expression of young versus elderly whole-blood transcriptional profiling from Immport

study SDY739. These signatures were tested by pre-ranked GSEA for other vaccine years in this study (SDY622, SDY648, and SDY819).

(B) The signatures of youth and aging were validated against publicly available whole-blood transcriptional profiles (GSE accessions GEO: GSE123696, GEO:

GSE123697, GEO: GSE123698, and GEO: GSE79396) and Nanostring target profiling (EGAS00001002460, Milieu Intérieur) for young (ages 20–40) and elderly

(ages 60 and older) adults. Normalized enrichment score (NES) shown for youth (left) and aging (right) signatures.

(C) CD4 T cell subsets were tested for signatures of youth and aging. Naive (yellow), ICOS�CD38� cTfh (green), and ICOS+CD38+ cTfh (orange) are shown, with

days 0 and 7 connected by dotted lines. The yellow region indicates FDR < 0.05.
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Previously, we identified correlations between cTfh responses

and influenza-specific IgG antibody responses in young adults

but not in elderly adults.38 Here, we observed a similar

magnitude of the total ICOS+CD38+ cTfh response following

vaccination in young and elderly adults, and the cTfh responses

correlated with the plasmablast response. Nevertheless, vac-

cine-induced neutralizing antibody titers were slightly lower in

elderly compared to young adults. ICOS+CD38+ cTfh preferen-

tially reflected underlying inflammatory and age-related biological

signatures 7 days after influenza vaccination, compared to

ICOS�CD38� cTfh or naive CD4 T cells. There are several poten-

tial reasons for this. For example, the increase in the ICOS+CD38+

cTfh subset at day 7 post-vaccination likely reflects an induction

and/or reactivation of influenza-specificCD4T cells.41 Thus, these

influenza-specific T cells may be qualitatively different from the
10 Cell Reports Medicine 2, 100262, May 18, 2021
ICOS+CD38+ cTfh circulating at baseline. However, a second

related feature of these vaccine-induced cTfh may be the syn-

chronous nature of the responses. The ICOS+CD38+ cTfh re-

sponses at baseline likely reflect ongoing chronically activated

cTfh or cTfh in different phases of acute activation. In contrast,

the vaccine-induced cTfh are aligned in their activation and differ-

entiation kinetics, perhaps resulting in more focused transcrip-

tional circuitry. Recent activation may also facilitate sensitivity

and/or changes in inflammatory cytokine signaling, as has been

suggested for NF-kB signaling in GC B cells.73 In addition to

enrichment for TNF-NF-kB signaling and a broader signature of

aging, activated cTfh also displayed transcriptional evidence of

age-dependent alterations in many other inflammatory pathways,

including IL-2-STAT5 signaling, TGF-b pathway signaling, and IL-

6-JAK-STAT3 signaling. These observations were notable given
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the regulatory role of IL-2-STAT5 signaling in Tfh differentia-

tion.50,74,75 The data presented here point to the use of vaccine-

induced ICOS+CD38+ cTfh as a window into potentially broader

underlying host immunological changes.

To aid in understanding the impact of aging on cTfh, we con-

structed transcriptional signatures of youth and aging based on

whole-blood transcriptional profiling from 27 young adults and 34

elderly adults. These signatureswere then validated usingmultiple,

geographically distinct cohorts, representing a total of 566 young

adult samples and 344 elderly adult samples. Furthermore, the

GSVA scores for the signatures of youth and aging correlated

with age as a continuous variable in the Milieu Intérieur study of

nearly 1,000 adults68, with age explaining 7.8%–9.6% of the vari-

ance in theGSVA scores of our signatures. Overall, these data indi-

cated that the highest enrichment scores for our signatures of

youth and agingwere in the day 7 ICOS+CD38+ cTfh subset. These

observations suggest that cTfh, and especially the synchronized,

vaccine-induced cTfh at day 7 after influenza vaccination, may

be sensitive biosensors of underlying features of immune inflam-

mation or immune health.

Studies of vaccine-induced immune responses duringaging are

needed to understand poor immune responses in elderly adults,

whoareatheightened risk from infection.Thesedatanotonly iden-

tify roles for inflammatory pathways in alterations of cTfh during

aging but also point to vaccine-induced cTfh as a cell type that

may provide a window into changes in overall immune health

and fitness.

Limitations of study
Aging is a complex phenomenon, and as a result, the number of

participants evaluated here in the RNA-seq studies may not fully

reflect the subtleties or full heterogeneity of aging across individ-

uals. Moreover, our study recruited community-dwelling,

relatively healthy adults. As a result, evaluation of the effects of

comorbidities and concomitant medications was not possible

here. Only one type of inactivated influenza vaccine was used

for participants in these studies, and it may be interesting to

extend these observations to other inactivated influenza vac-

cines or even other types of vaccines. The extent to which a

circulating subset, ICOS+CD38+ cTfh, can serve as a cellular

biomarker will need to be further assessed in conjunction with

studies of age-associated changes in lymphoid Tfh through ac-

cess to lymph node material or perhaps lymph. Finally, future

studies will be needed to fully understand how aging and TNF

signaling affect Tfh, and by extension, vaccine responses.
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Immport SDY648

Humoral responses to Influenza

vaccination in aged populations

Immport SDY739

Humoral responses to Influenza

vaccination in aged populations

Immport SDY819

Milieu Interieur Consortium study European Genome-

phenome Archive

EGAS00001002460

Software and algorithms

Trimmomatic Ref76 Version 0.32

STAR Ref77 Version 2.5.2a

PORT normalization N/A Version 0.85; http://bioinf.itmat.upenn.

edu/benchmarking/rnaseq/port/index.php

R environment R Foundation Version 4.0.0

DESeq2 library Ref78 Version 1.20.0

Limma library Ref79 Version 3.44.3

WGCNA library Ref51 Version 1.63; https://horvath.genetics.

ucla.edu/html/CoexpressionNetwork/

Rpackages/WGCNA/

Cytoscape Ref80 https://cytoscape.org/

Custom bioinformatics scripts N/A https://github.com/teamTfh/

cTfh_AgingSignature

Statistical analysis

Prism 6 Graphpad software N/A

R environment R Foundation version 4.0.0
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Ramin Sedaghat Herati

(ramin.herati@nyulangone.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Transcriptional profiling data reported here are available at the Gene Expression Omnibus (GEO) under accession number GEO:

GSE134416. R scripts used in analyses and figure generation are available on Github (https://github.com/teamTfh/

cTfh_AgingSignature).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Flu vaccine cohorts
In the Fall of 2014, study participants were recruited and consented at the Clinical Research Unit at Duke University Medical Center

(Durham, NC, USA), in accordance with the Institutional Review Boards of both Duke University (Protocol Pro00031791) and the
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University of Pennsylvania (Philadelphia, PA, USA) (Protocol #812170). Adults were classified as young (30-40 years of age) or elderly

(65 years of age or older) (Table S1). Adults were eligible if they were community-dwelling and had not received influenza vaccine in

the prior 6 months; they were excluded if they had contraindications to influenza vaccine, active substance abuse, HIV/AIDS, clin-

ically active malignancy, immunomodulatory medication need (i.e., chemotherapy, corticosteroids), or active illness (i.e., active res-

piratory tract infections). Seasonal trivalent influenza vaccine (Fluarix, GlaxoSmithKline) was administered and peripheral venous

blood was drawn on days 0, 7, and 28 after vaccination. Blood was collected into heparinized tubes and shipped overnight to Phil-

adelphia, PA. All studies were conducted according to the Declaration of Helsinki principles.

Primary cells
Primary human PBMCwere obtained at the University of Pennsylvania from de-identified donors through the Human Immunology Core

(seeAcknowledgments) and throughaseparateprotocol (Protocol #820151).Samplesused inFigureS3Ewere fromadultswhoprovided

informedconsent inaccordancewith the InstitutionalReviewBoardsof theLouisStokesVeteransAffairsMedicalCenter andCaseWest-

ern Reserve University, as previously reported.38 All studies were conducted according to the Declaration of Helsinki principles.

METHOD DETAILS

Flow cytometry
PBMC and plasma were isolated using Ficoll-Paque PLUS (GE Healthcare) and stained for surface and intracellular markers. Perme-

abilization was performed using the Intracellular Fixation/Permeabilization Concentrate and Diluent kit (ThermoFisher). Antibodies

and clones are described in Key resources table. Antibodies against CD8 and CD3 were conjugated to QDot 565 and 585 (Fisher),

respectively. Cells were resuspended in 1% para-formaldehyde until acquisition on a BD Biosciences LSR II or a BD Symphony A5

cytometer. Fluorescence-minus-one controls were performed in pilot studies. DiOC6 (Fisher) staining was performed according to

manufacturer instructions.

Co-culture experiments
Fresh PBMC were sorted for T cell subsets (Naive, CD4+CD45RA+CD27+; CXCR5- memory, non-naive CD4+CXCR5-; cTfh, non-

naive CD4+CXCR5+PD-1+) or naive B cells CD3-CD19+CD27loIgDhi. For each co-culture condition, 4.5x104 sorted T cells were com-

bined with autologous 5x104 naive B cells. Co-cultures were either left unstimulated, stimulated with Staphyloccocal Enterotoxin B

(SEB, Toxin Technologies, 0.5 mg/mL), SEB (0.5 mg/mL) with human TNF cytokine (Biolegend, 125 ng/mL), or SEB (0.5 mg/mL) with

a-TNF antibodies (BD Biosciences, clone MAb11, 2 mg/mL). At the conclusion of the co-culture, supernatant was aspirated and

saved. The remaining cells underwent anti-human Fc-blockade (Biolegend, TruStain FcX) for 10 minutes at room temperature, fol-

lowed by routine staining for flowcytometry. The inhibitor of TNF processing TAPI-0 (Enzo, BML-PI133-0001) was used in Figure S3D.

Cultures with B cells only were stimulated using soluble aIgM (10 ug/mL, clone DA4-4, Fisher) with soluble trimeric MegaCD40L pro-

tein (100 ng/mL, Enzo Life Sciences). For Figure S3E, samples were taken from previously-reported co-cultures38 involving

CD4+CXCR5+PD-1+ cTfh from young or elderly adults combined with common allogenic naive B cells from a young adult donor in

a 1:1 ratio for one week with SEB stimulation.

Multiplex bead assays
Multiplex bead assays for plasma samples were performed in duplicate for TNF, CXCL11, and MIP1b from the MILLIPLEX MAP Hu-

man Cytokine/Chemokine Magnetic Bead Panel (Millipore Sigma). Co-culture supernatants were assayed in duplicate for IgG1

production using the Legendplex Human Immunoglobulin Isotyping Panel (Biolegend) and data acquired on a BD Symphony A5 cy-

tometer, in accordance with manufacturer instructions.

Transcriptomic analyses
PBMC were sorted on a BD Aria II cell sorter, followed by total RNA extraction by RNeasy Micro Plus kit (QIAGEN) and polyA ampli-

fication with SMARTer Ultra-Low Input RNA kit v3 (Clontech) according to manufacturer instructions. Libraries were prepared using

the IlluminaNextera XT Library Preparation kit and sequenced on an IlluminaHiSeq 2000 using 100bp single-read format. FASTQ files

were trimmedwith Trimmomatic (version 0.32),76 aligned using STAR (version 2.5.2a)77 and normalized by PORT (https://github.com/

itmat/Normalization/, version 0.8.5) against the GRCh38 reference assembly of the human genome. Variance-stabilizing transforma-

tion and differential expression were performed using DESeq2 (version 1.20.0)78 based on genes with at least 20 counts in at least

25% of all libraries, using the R environment (version 3.5.0). Of the 84 resultant libraries, one sample was excluded from further an-

alyses (Figures S1H and S1I). Plots were made by ggplot2 (version 2.2.1) and heatmaps using the ‘‘inferno’’ color-scheme from the

‘‘viridis’’ library. For differential expression analysis, genes were included if they had at least 20 counts in at least 25%of the samples.

Samples from the same person (e.g., inter-subset comparisons or day 0-to-day 7 comparisons) were treated as paired in statistical

models for DESeq2. t-SNE maps were produced using Rtsne (version 0.13) from the transformed counts data. Gene set enrichment

analyses47 were performed with at least 10000 permutations of pre-ranked GSEA (https://www.gsea-msigdb.org/gsea/downloads.

jsp). Gene ontology was performed in Cytoscape using ClueGo80,81 or Metascape (https://metascape.org/gp/index.html#/main/

step1).82 Ingenuity Pathway Analysis (QIAGEN) was performed by uploading tables of the differential expression results fromDESeq2
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analyses for log2 fold-change, p values, and p-adjusted values, followed by Expression Analysis core analysis for all genes with p

value < 0.10. Upstream Regulator Analysis was used to calculate Z-scores in Figure 2G.53,54 A potential regulator (drug, transcription

factor, miRNA, etc) is associated with ‘‘activation’’ or ‘‘inhibition’’ effects on a series of downstream genes.54 These associations are

together summarized as a Z-score, in comparison to a model that assigns random regulation direction.

Network analysis
Weighted gene correlation network analysis (WGCNA, version 1.63)51 was performed on variance-stabilizing transformation data, as

calculated by DESeq278 after filtering out genes with less than 5 counts in fewer than 12%of all libraries. Adjacencymatrix was calcu-

lated using b = 20. Minimum module size was 100. Gene ontology was analyzed using Metascape82 for all genes with a module

membership of at least 0.8. Pre-ranked GSEA was performed using all genes ranked by membership for each module. Transcription

factors were identified from a curated list52 and displayed with functional association data overlaid from GeneMANIA.83

Aging signature
Transcriptional profiling data for whole blood microarray studies was obtained from the Gene Expression Omnibus (GEO accession

numbers 123697, 123696, and 123698), from Immport (SDY622, SDY648, SDY739, and SDY819), and from the European Genome-

phenome Archive (EGAS00001002460). For each dataset, participants were stratified into cohorts for young adults (< 40 years old) or

elderly adults (> 65 years old). Differential expression was calculated using GEO2R or by limma-voom.79 An aging signature of 354

genes was constructed from genes downregulated in the elderly cohort from SDY739 with p.adj < 0.20 using limma-voom. For an-

alyses of the aging signature in CD4 subsets, pre-ranked GSEA analyses were performed with at least 25000 permutations.

Influenza-specific antibodies
The two influenza A vaccine strains of the 2014/2015 seasonal influenza vaccine, A/California/7/2009 (H1N1) pdm09-like virus and A/

Victoria/361/2011 (H3N2)-like virus, were obtained from the Centers for Disease Control and Prevention (Atlanta, GA). Assays to

detect hemagglutinin inhibition assay (HAI) titers were performed. Infectious virus was used for neutralizing Ab assays or inactivated

by b-propionolactone for H1N1/California- and H3N2/Victoria-specific binding Ab ELISA assays. Nunc Maxisorp plates (Nunc) were

coated with 10 mg/mL influenza A/H1N1/California and A/H3N2/Victoria virus along with isotype standards for IgA1, IgG, and IgM

(Athens Research and Technology) in bicarbonate buffer overnight at 4�C. Plates were blocked with 3% BSA in PBS and incubated

with heat-inactivated sera of young and elderly adults. Abswere detected using alkaline phosphatase-conjugatedmouse anti-human

IgA1, IgG, and IgM (Southern Biotechnology).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performedwith Prism 7 (GraphPad) and R. Data was compared using Student’s t test, paired t test, one-way

Analysis of Variance (ANOVA) with Tukey post hoc analysis, non-parametric ANOVAwith Friedman’s post-test, or Fisher’s Exact test,

as indicated. All t tests were performed as two-tailed tests at a 0.05 significance level. Outlier analysis for Figure 1E was performed

using Grubb’s test at a = 0.05 and the plot with all points included is shown in Figure S1G. Study schematic in Figure 2A was

diagramed using BioRender.
e4 Cell Reports Medicine 2, 100262, May 18, 2021
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