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Impaired HA-specific T follicular helper cell and antibody responses to influenza
vaccination are linked to inflammation in humans

Danika L Hill et al
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Figure 1. Robust haemagglutinin (HA)-specific CD4* T cells’ response to seasonal influenza vaccination. (A) Overview of cohort characteristics,
vaccination strains, and immune variables measured before (d0), 7 days (d7), and 42 days (d42) after seasonal influenza vaccination. (B) IgG responses
to HA proteins from vaccine influenza strains measured by Luminex. Dashed line indicates limit of detection in Luminex assay. (C) Log, fold change
versus -log10 false discovery rate (FDR)-adjusted p-value of Flu HA Luminex, Cytokine Luminex, B cell and CD4" T cell immunophenotyping parameters

Figure 1 continued on next page
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Figure 1 continued

before and after vaccination at indicated time points for cohort 1. Dashed line represents the p-value cut-off at FDR-adjusted p=0.05. (D) Representative
flow cytometry plots of HAs72sHLADR*0701 staining on CD4*CD45RA " cells, gate corresponds to HA-specific TET' T cells, and (E) the frequency of
HA-specific TET* T cells among all CD4*CD45RA" cells on dO compared to d7. (F) Representative ICOS staining and (G) the percentage of ICOS" cells
among HA-specific TET* T cells on d0 and d7. (H) CXCR5 and PD1 staining on HA-specific TET" T cells on d0 and d7, gate corresponds to ‘TET cTfh’

T cells, and (1) the percentage of circulating T follicular helper (cTfh) cells among HA-specific TET* T cells on d0 and d7 for each cohort. In parts (D),
cohort 1 n = 16; cohort 2 n = 19. Paired p-values determined using Wilcoxon signed-rank test.
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Figure 1—figure supplement 1. B cell flow cytometry gating strategy. Representative flow cytometry plots for B cell immunophenotyping pre-gated on

single, live lymphocytes, stained with the panel outlined in Supplementary file 3.
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Figure 1—figure supplement 2. CD4" T cell flow cytometry gating strategy. Representative flow cytometry plots for the analysis of CD4" T cells,
stained with the panel outlined in Supplementary file 4. Histograms show representative staining for ICOS expression on d7 circulating T follicular
helper (cTth) cells (green) shown relative to the entire CD4* CD45RA- T cell population (black outline) from the same sample.
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Figure 1—figure supplement 3. Haemagglutinin (HA)-specific CD4" T cell sorting strategy. Representative flow cytometry plots for the cell sorting of
HA-specific Tet* cells, stained with the panel outlined in Supplementary file 4. Red gates indicate the sorted populations on d0 and/or d7. Histograms
show representative staining for PD1 and ICOS expression on d7 Tet" cells (blue) shown relative to the entire CD4* CD45RA- T cell population (black

outline) from

the same sample.
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Figure 1—figure supplement 4. Haemagglutination inhibition (HAI) responses before and after vaccination. (A) Log, HAI titres at baseline (d0), d7,
and d42 for cohort 1 (n = 16) and (B) cohort 2 (n = 21). (C) Correlation between HAI and A.Cali09 1gG as measured by Luminex assay for cohorts 1 and 2

combined. Paired p-values determined using Wilcoxon signed-rank test and Pearson’s correlation.
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Figure 1—figure supplement 5. Cytokine and CD4" T cell variables altered after vaccination in 18-36-year-

old individuals. (A) The concentration of cytokines in serum (log10 pg/mL) at d0 and d7. Variables with significant
log, fold change in Figure 1 shown. (B) The percentage of circulating T follicular helper (cTfh+) cells among
CDA45RA- T cells, and ICOS+ cells among cTth cells at dO and d7. Cohort 1 only (n = 16). Paired p-values
determined using Wilcoxon signed-rank test.
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Figure 1—figure supplement 6. Percentage of circulating T follicular helper (cTth) cells that are Tet” and CXCR3 and CCRé expression on
haemagglutinin (HA)-specific CD4" T cells. (A) Representative flow cytometry gating strategy for CXCR5" PD-1* cTth cells on CD4* CD45RA- T cells,
and the proportion of HA-specific Tet" cells within the CXCR5" PD-1* cTth cell gate. (B) The percentage of Tet" cells within the CXCR5" PD-1* cTth cell
population. Within-cohort age group differences were determined using the Mann-Whitney U test. (C) Representative flow cytometry plots for CXCR3
and CCR6 expression on CD4* CD45RA- T cells and HA-specific Tet* cells. (D) The quantification of CXCR3 and CCRé expression on Tet" cells on day 0
and d7. Paired p-values determined using Wilcoxon signed-rank test.
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Figure 2. Circulating haemagglutinin (HA)-specific T follicular helper (Tfh) cells correlate with vaccine IgG response. (A) Overview of correlation analysis
between A.Cali09 IgG response at day 42 (minus dO baseline titre, d42-d0) and immune variables for cohort 1, cohort 2, and both cohorts combined
(All). (B) Correlations for Flu HA Luminex IgG and haemagglutination inhibition (HAI) titres at dO, d7, and d42, and at d7 and d42 after subtracting each
individual’s d0 baseline value (d7-d0, d42-d0). (C) Correlations for serum cytokines measured by Luminex at d0, d7, and d42, and at d7 and d42 after

Figure 2 continued on next page

Hill et al. eLife 2021;10:€70554. DOI: https://doi.org/10.7554/eLife.70554

10 of 25



eLIfe Immunology and Inflammation

Figure 2 continued

subtracting each individual’s dO baseline value (d7-d0, d42-d0). (D) Correlations for B cell, CD4" T cell, and HA-specific CD4" T cell variables at dO, d7,
and d7 after subtracting each individual's dO baseline value (d7-d0). (E) Correlation between vaccine-induced A.Cali09 I1gG at d42 with selected immune
parameters in both cohort 1 and cohort 2 (n = 37). Dot colour corresponds to the cohort (black = cohort 1, grey = cohort 2). Coefficient (Rho) and p-
value determined using Spearman’s correlation, and line represents linear regression fit.
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Figure 2—figure supplement 1. Correlations between haemagglutination inhibition (HAI) assay titres and selected immune parameters. Correlation
between vaccine-induced A.Cali0? HAI titres at d42 with selected immune parameters in both cohort 1 and cohort 2 (n = 37). Dot colour corresponds
to the cohort (black = cohort 1, grey = cohort 2). Coefficient (Rho) and p-value determined using Spearman’s correlation, and line represents linear

regression fit.
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Figure 3. Haemagglutinin (HA)-specific circulating T follicular helper (cTth) response to flu vaccination includes recalled and public T cell receptor
(TCR) clonotypes. (A) Overview of cell types and sample sizes that were sequenced d0 and d7 at each cohort. d0 median = 45 cells (6-258); d7 median
= 88 cells (5-1000). (B) Representative pie charts of the proportions of unique TCR B -chain clonotypes for participants 408S and 425L at dO and d7.
Inset numbers indicate the number of cells sequenced and number of unique TCR B clonal sequences retrieved. (C) Normalised Shannon-Wiener
index of TCR B and TCRa. repertoire diversity at d0 TET" T cells and d7 TET" cTth cells for both cohorts combined. (D) The number of dominant TCR
clones (frequency of >10%) for each individual in d0 and d7 sequenced cells for both cohorts combined. (E) TCR 3 clonotype frequencies at dO and d7
in combined dataset of 15 individuals with paired d0 and d7 samples (1772 clones in total). Each dot represents a clonotype, size corresponds to d7
frequency. Red colour indicates ‘recalled’ clones that were measured at both time points, and solid lines indicate where clones are only detected at a

Figure 3 continued on next page
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Figure 3 continued

single time point. (F) The number of ‘recalled’ TCR B clones per individual (present at both d0 and d7) and (G) the aggregate frequency of d7 TET' cTth
TCR B clones that were recalled for each individual (n = 15). (H) The log10 d0 frequency of each ‘recalled’ or ‘unique’ (present at dO only) clone (n =

102 recalled, n = 663 unique clones). (I) The number and (J) combined frequency of public clonotypes per individual at each time point, cohorts 1 and 2
combined (dO n = 25; d7 n = 20). Public clonotypes were defined as TCR 8 sequences with identical v, d, j genes and CDR3 amino acid sequence shared
between two or more samples from the same time point. (K) TRBJ and TRBV gene usage among the 26 HA-specific public clonotypes, separated by
HLADR genotype and time point. All p-values were calculated using a Mann-Whitney U test.
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Figure 3—figure supplement 1. Cell number and clonotype number from T cell sequencing. (A) The number of cells sorted and sequenced at

each time point for each cohort, 18-36-year-old samples only. (B) The number of sequenced cells displayed against the number of TCRB clonotypes
recovered from sequencing, for 18-36-year-old samples from both cohorts combined. (C) The number of Tet" cells sorted and sequenced at dO for each
cohort and for each age group. (D) The number of Tet" circulating T follicular helper (cTth) cells sorted and sequenced at d7 for each cohort and for
each age group. p-Values calculated by Mann-Whitney U test.
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Figure 4. Vaccination-induced circulating T follicular helper (Tfh) cells share a common transcriptional signature with lymph node Tth cells. (A)
Principal component analysis of 1000 genes with the largest variance in sequenced cells from dO TET" cells (shown in grey) and d7 TET" circulating T

follicular helper (cTfh) cells (shown in green) for each cohort separately.

(B) Venn diagram of the 684 significantly differentially expressed (DE) genes

in d7 TET*cTth cells (relative to d0) in both cohorts, and the overlap with a signature of human lymph node germinal centre (GC) Tth cells where

Figure 4 continued on next page
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Figure 4 continued

genes had the same direction of expression. DE genes were determined using DESeqg2 and had adjusted p-value<0.1 and fold change of 2. Up- and
downregulated genes represented by red and blue colours, respectively. (C) Heatmaps of gene signatures determined in (B) for each cohort, with
representative genes labelled. (D) Venn diagram of the 10 consistently enriched Hallmark pathways in d7 TET cTth cells relative to d0 TET* cells in

both cohorts, and the overlap with positively or negatively enriched gene sets in LN GC Tth cells compared to non-Tth CD4" cells. Significant pathways
were determined using gene set enrichment analysis (GSEA) and had adjusted p-value<0.1 and normalised enrichment score of >1 or <-1. Up- and
downregulated pathways are represented by arrows and red and blue colours, respectively. (E) Bubble plots showing the normalised enrichment scores
for significantly enriched pathways for d7 TET" cTth cells versus d0 TET" cells in each cohort, and LN GC Tth cells versus non-Tth cells, with positive
and negative scores indicating positive and negative enrichment, respectively, in TET* Tfh and/or GC Tth compared to their non-Tfh comparator. Circle
colour represents the type of comparison, and size represents the adjusted p-value.
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Figure 5. Impaired vaccination immune trajectory in older individuals. (A) Overview of age groups and sample sizes for each cohort. (B) IgG responses
to haemagglutinin (HA) proteins from vaccine influenza strains measured by Luminex for each age group. (C) Diffusion map dimensionality reduction of
122 samples from both cohorts combined using scaled values for 23 immune parameters and the diffusion-pseudotime algorithm (d0 18-36 year olds
n =27, d0 65+ year olds n = 32; d7 18-36 year olds n = 30; d7 65+ year olds n = 33). Each dot represents a sample, shape represents time point (d0 =

Figure 5 continued on next page
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Figure 5 continued

squares, d7 = circles), and colour either the pseudotime ‘vaccination trajectory’ output value or age group category. Diffusion components (DCs) 1 and
2 shown. (D) Vaccination trajectory values for sample in each age category from both cohorts combined, with p-values calculated using Dunn’s post hoc
test. (E) Spearman’s correlation coefficients for the 11 parameters that significantly correlated with the vaccination trajectory variable (padj <0.05). (F-H)
Heatmap of FDR-adjusted p-values from Mann-Whitney U test comparing immune parameters between age groups for cohort 1, cohort 2, and both
cohorts combined (All), at dO, d7, and d42, and at d7 and d42 after subtracting each individual’s dO baseline value (d7-d0, d42-d0) for (F) Flu HA Luminex
and haemagglutination inhibition (HAI), (G) Cytokine Luminex, (H) B cells, CD4" T cells, and HA-specific CD4" T cells. Colour corresponds to p-value and
the direction of change. (I) The percentage of CXCR5'PD1"" circulating T follicular helper (cTth) cells and (J) TET* cTth cells for each age group and each
cohort, with p-values calculated by Mann-Whitney U test (cohort 1 18-36 years old n = 17, 65+ years old n = 17; cohort 2 18-36 years old n = 20, 65+
yearson = 21).
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Figure 5—figure supplement 1. Age-related differences in cytokines and haemagglutinin (HA)-specific CD4" T cell parameters. (A) The serum
concentration (log10 pg/mL) of dO April, d0 TWEAK, and d42 SCF across age groups and cohorts. Variables with consistently significant (padj <0.05)
across both cohorts as in Figure 5G shown. (B) The percentage of Tet" cells among CD4" T cells at dO and d7 across age groups and cohorts as in
Figure 5H. (C) The percentage of Tet" cells within the CXCR5" PD-1* circulating T follicular helper (cTth) cell population. Within-cohort age group

Figure 5—figure supplement 1 continued on next page
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Figure 5—figure supplement 1 continued

differences were determined using the Mann-Whitney U test. (D) Correlation between Tet* cells (d7-d0, % of CD4") and cTth (d7-d0, % of TET") in both
cohorts for each age group (18-36 years old n = 37, 65+ years old. n = 39). Dot colour corresponds to the cohort (black = cohort 1, grey = cohort 2).
Coefficient (Rho) and p-value determined using Spearman’s correlation, and line represents linear regression fit.
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Figure 6. Impaired induction of T follicular helper (Tfh) transcriptional programs and aberrant inflammatory signatures in haemagglutinin (HA)-specific
circulating T follicular helper (cTfh) cells from older individuals. (A) Overview of sample numbers and cell types sequenced at d0 and d7 for each
cohort and each age group. Dark and light green dots indicate d7 Tet" cells sequenced from cohort 2 only. (B) Normalised Shannon-Wiener diversity
index of T cell receptor B (TCR B) clonotypes for each cohort, time point, and cell type. Each dot represents a sequenced sample. (C) Normalised

Figure 6 continued on next page
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Figure 6 continued

Shannon-Wiener diversity index of TCR B clonotypes in d7 Tet" cells from cohort 2. (D) The number of TCR 8 clones per individual in d7 Tet" cTth cells
recalled from dO Tet" cells, and (E) combined frequency of the recalled clones among d7 Tet'cTth cells for each age group (n = 15 in each age group,
both cohorts combined). p-Values calculated using Mann-Whitney U test. (F) Frequency of TCR 3 clones present in paired samples of d7 Tet” and

d7 Tet*cTth cells. Each dot represents a clonotype, dot colour indicates age group, and dot size corresponds to the frequency in d7 Tet" cells. Lines
represent linear regression, and statistics determined using Pearson’s correlation. (G) Principal component (PC) analysis of the 684 genes differentially
expressed (DE) between d0 and d7 in samples from 18 to 36 year olds applied to d0 and d7 samples from both age groups and cohorts. Histograms
show the distribution of PC1 values for each group, with p-value calculated between age groups for d7 samples by Mann-Whitney U test. (H) Bubble
plots of seven Hallmark pathways that are upregulated in d7 Tet*cTth cells or d7 Tet + cells in samples from 65+-year-old compared to 18-36-year-
old individuals, subdivided by which pathways were previously identified as negatively enriched in lymph node germinal centre Tth cells. Positive
scores indicate positive enrichment in Tet'cTth cells from older donors. Circle colour represents the cohort, size represents the adjusted p-value. (1)
Inflammation, TNF, and IL2 gene signature scores in HA-specific T cells at different time points and age groups, cohorts 1 and 2 combined (d0 18-36
year olds n = 20, d0 65+ year olds n = 20; d7 18-36 year olds n = 22; 65+ year olds n = 19). p-Value calculated using Dunn’s post hoc test.
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Figure 7. Gene signatures of TNF, IL-2, and inflammation associate with impaired antibody and T follicular helper (Tth) cell responses to influenza
vaccination. (A) Correlation between circulating T follicular helper (cTfh) Tet* cells and inflammation, TNF or IL2 gene signatures scores in d7 Tet'cTth
cells. (B) Correlation between A.Cali09 IgG titre (d42-d0) and inflammation, TNF or IL2 gene signatures scores in d7 Tet*cTth cells. (C) Correlation
between A.Cali09 1gG titre (d28-d0) and Inflammation, TNF or IL2 gene signatures scores determined from microarray data of peripheral blood
mononuclear cells on d0 or d7 after seasonal influenza vaccination from publicly available datasets (n = 50 total; 26-41 years old n = 18, 66-86 years
old = 32) (Nakaya et al., 2015). Correlation coefficients and p-values calculated using Spearman’s correlation coefficient. Solid line represents linear
regression fit. Colour corresponds to age group (green = younger people; aqua = older people).
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Figure 8. Increased IL-2 production impairs T follicular helper (Tth) cell formation and the germinal centre response. Assessment of the Tth cell and
germinal centre response in lI2*/*; Rosa26*°>"><12* transgenic mice that do not switch off IL-2 production, and 1I2°*/*; Rosa26""* control mice 12 days
after influenza A infection. Flow cytometric contour plots (A) and quantification of the percentage of CXCR5"®"PD-1"9"Foxp3 CD4" Tfh cells in the
mediastinal lymph node (B) and spleen (C). Flow cytometric contour plots (D) and quantification of the percentage of Bcl6*Kié77B220* germinal centre B
cells in the mediastinal lymph node (E) and spleen (F). The height of the bars indicates the median, each symbol represents one mouse, data are pooled
from two independent experiments. p-Values calculated between genotype groups by Mann-Whitney U test.

Hill et al. eLife 2021;10:€70554. DOI: https://doi.org/10.7554/eLife.70554 25 of 25



