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SUMMARY

The elderly are an important target for influenza vaccination, and the determina-
tion of factors that underlie immune responsiveness is clinically valuable. We
evaluated the immune and metabolic profiles of 205 elderly Singaporeans admin-
istered with Vaxigrip. Despite high seroprotection rates, we observed heteroge-
neity in the response. We stratified the cohort into complete (CR) or incomplete
responders (IR), where IR exhibited signs of accelerated T cell aging. We found a
higher upregulation of genes associated with the B-cell endoplasmic-reticulum
stress response in CR, where XBP-1 acts as a key upstream regulator. B-cells
from IR were incapable of matching the level of XBP-1 upregulation observed
in CR after inducing ER stress with tunicamycin in vitro. Metabolic signatures
also distinguished CR and IR – as CR presented with a greater diversity of bile
acids. Our findings suggest that the ER-stress pathway activation could improve
influenza vaccination in the elderly.

INTRODUCTION

Influenza causes 291,000–646,000 deaths annually, rendering it a public health priority. Young children and

older adults are most susceptible to severe influenza-associated complications and mortality (Sullivan

et al., 2019). Elderly R65 years are most susceptible to severe complications, secondary infections, and

mortality resulting from influenza infection and account for approximately 70% of flu-related hospitaliza-

tions. As such, the optimization of vaccine coverage and efficacy in this population is a global health priority

(Belongia et al., 2016; Demicheli et al., 2018; Goodwin et al., 2006; Rondy et al., 2017). An ongoing contro-

versy on the effectiveness of influenza vaccination in the elderly has pervaded the scientific literature, which

also posits the elderly as being less immune responsive to vaccination (Simonsen et al., 2007). In explaining

the latter, the accumulation of age-related functional and proliferative deficits, as well as altered fre-

quencies of innate and adaptive immune cells have been hypothesized to impair both localized (sites of

administration) and central responses to vaccination (Belongia et al., 2016; Effros, 2007; Rondy et al.,

2017; Smetana et al., 2018). These age-related functional adaptations in immune cells affect signaling avid-

ity and productivity, antigen presentation, and immune cell trafficking (Effros, 2007; Smetana et al., 2018;

Sullivan et al., 2019).

Recent reports describe comparable influenza vaccination responses between young and old subjects

and improvements in flu-related hospitalizations and mortality rates following elderly influenza

vaccination, thus placing the perception of reduced vaccine responsiveness in the elderly under

scrutiny (Beyer et al., 2011; Camous et al., 2018; Chen et al., 2009; Domnich et al., 2017; Dunkle et al.,

2017; Mullooly et al., 1994; Narang et al., 2018; Nuñez et al., 2017; Russell et al., 2018; Wilkinson et al.,

2017). This growing controversy also suggests variability in influenza vaccine responses among the

elderly (Chen et al., 2009). As such, we aimed to elucidate factors that associate with vaccine response

and coverage in elderly participants of a phase IV clinical trial where the trivalent influenza

vaccine (TIV), Vaxigrip, was administered. Our data support the hypothesis that Singaporean elderly

mount a heterogenous trivalent strain response, which can be linked to specific immune and metabolic

markers.
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There are three influenza viruses – A, B, and C – with the circulating subtype A virions comprising both

the H1N1 and H3N2 strains (Grohskopf et al., 2018). Because type C infections tend to result in milder

illnesses, most vaccine formulations aim to only protect against the H1N1, H3N2, and B strains

(Ambrose and Levin, 2012; Dykes et al., 1980; Grohskopf et al., 2018). We previously described a cohort

of 205 elderly adults (age R65 years) who received the trivalent influenza vaccine, Vaxigrip; the cohort

achieved high seroprotection (>95%) and seroconversion (>80%) rates (Camous et al., 2018; Narang

et al., 2018; Wong et al., 2019). In this study, we observed that less than two-thirds of participants had a

seroconversion response to all three strains. Thus, herein we stratified vaccine recipients based on whether

they were complete responders (i.e. responsive to all three vaccine strains) or incomplete responders

(CR and IR, respectively).

Systems vaccinology is an approach that has been meaningfully applied to explore host factors (genetics,

immune competency, antigen exposure, metabolic constitution, etc.) that contribute to vaccination out-

comes (Nakaya et al., 2016; Obermoser et al., 2013; Tsang et al., 2014). Because elucidation of these factors

could be instrumental to improving vaccine efficacy within elderly populations, we used our stratified

cohort of CR (n = 124) and IR (n = 81) to distil parameters that associate with complete strain responsiveness

from a wide range of laboratory and clinical measurements using a systems biology approach. Specifically,

we aimed to reveal the differences between CR and IR that are associated with innate sensory capacity,

immunological composition, PBMC gene expression, and circulating metabolic profiles. Accordingly, we

used a combination of flow cytometry, microarray, mass spectrometry, andmultiplex technologies to delin-

eate baseline and day 2, 7, and 28post-vaccination differences in immunological and metabolic function

between CR and IR. By illuminating the biological factors that constitute a multi-strain influenza vaccine

response in the elderly, we might reveal key signaling pathways that can be targeted to improve vaccina-

tion efficacy in this population.

RESULTS

Participants can be stratified by degree of strain-responsiveness

We recruited a subset of 210 elderly subjects (>65 years-of-age) from the Singapore Longitudinal Aging

Study (SLAS) cohort enrolled in a Phase IV clinical trial of Vaxigrip (Figure 1A) (Feng et al., 2013; Ng

et al., 2008). The representation of comorbidities in this subgroup was comparable to the larger SLAS

cohort (Figure 1A), where hypertension and high cholesterol were most prevalent (present in >40% of sub-

jects). None of the subjects had received an influenza vaccine in the 6 months preceding the trial or had

planned to receive influenza vaccination during the trial period (2014 seasonal flu-vaccination period).

We successfully sampled 205/210 subjects at baseline (day 0) to determine pre-vaccination parameters

and collected blood samples from these subjects for day 2, 7, and 28post-vaccination measurements.

These measurements included a quantification of the humoral immune response by hemagglutination

assay (HAI) and ELISpot, T-cellimmunophenotyping, and mRNA microarray on a subset of 140/205 sub-

jects. We also measured various nutritional, metabolic, and immunological compounds from the plasma

(see STAR Methods). We did not group elderly participants by frailty status as previous analyses of this

cohort demonstrated no significant effect of frailty status and age on the humoral vaccination response

(Camous et al., 2018; Narang et al., 2018).

We observed a considerable level of variability in the post-vaccination HAI response to individual influ-

enza strains, despite having only a few non-responders. One important clinically relevant parameter

considered for cohort stratification was the capacity of subjects to mount an HAI response towards all

three vaccine strains. Using the WHO standard definition of seroconversion as either (i) a HAI titer

<10 (1/dilution) at day 0 and a post-vaccination (day 28–35) HAI titer R40 or (ii) a HAI titer R10 at

day 0 and a R4-fold increase in HAI titer between day 0 and post-vaccination, we observed that less

than two-thirds of our participants achieved seroconversion response to all three strains. Thereafter,

we grouped vaccine recipients based on whether they were complete (i.e. responsive to all three vaccine

strains) or incomplete responders (CR (n = 124) and IR (n = 81), respectively); CR met the criterion for

seroconversion for all three strains (i.e. HAI titer >40 on day-28 for subjects with an HAI titer <10 on

day-0) or showed a significant increase (i.e., at least 4-fold day 0 to day 28HAI titer increase for subjects

with HAI titer >10 on day 0). The remaining recipients were classified as IR (Figures 1B and 1C). Both

groups were comparable for most baseline measurements that were used to evaluate biological, mental,

and physical health (Figures S1A and S1B), with the exception that high blood pressure was slightly more

prevalent in the IR group (Figure S1A).
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Figure 1. Elderly study participants segregate into CRs and IRs

(A) Study design flow chart.

(B) Venn diagram showing number of responders for each vaccine strain.

(C) 3D display of HAI data from elderly vaccine recipients for all three strains; data points for CR (teal) and IR (salmon) are shown.

(D) HAI Day 28/Day 0 versus Day 0 regression by strain in CR and IR subjects.
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Although the HAI responses of all elderly participants were high in terms of seroprotection, seroconver-

sion, geometric mean titers (GMTs), and strain coverage (Tables S1 andS2), the mean values of these pa-

rameters were significantly higher in CR than in IR for each influenza strain. We also observed significantly

higher post-vaccination seroneutralization (MN) and IgG titers for CR, and these measurements

remained highly correlated to HAI titers at both day 0 and day 28 timepoints for their respective strains (Fig-

ures S2–S5). We previously observed that day 28 / day 0 HAI titer ratios were inversely correlated to baseline

HAI titers for each strain (Narang et al., 2018). We thus investigated whether the difference in the strain-

specific HAI response between CR and IR could be attributed to the baseline levels of antibody titers.

For each influenza strain, the relationship between day 28 / day 0 HAI titer ratios and baseline titer values

(parallel slopes; Figure 1D) significantly differed between CR and IR, with CR achieving higher HAI ratios

regardless of their baseline titer values. These relationships suggest that the CR and IR classification is un-

likely to evolve from differences in baseline titers per se, but an intrinsic ability to mount a larger day 28

response regardless of the baseline titer value.

Innate and adaptive transcriptomic signatures differentiate CR and IR

We sought to derive a temporally sensitive overview of the transcriptomic associations that might ac-

count for disparities in vaccine strain-responsiveness between CR and IR. Accordingly, we grouped

the relative-to-baseline gene expression modulations of 140 profiled elderly recipients into blood tran-

scriptional modules (BTMs) after ranking genes using the functional class scoring enrichment method

described by Li et al. (Li et al., 2014). We identified 13 annotated BTMs that had at least one time course

difference at days 0/2/7/28 between CR and IR after correcting for multiple testing (Figure 2A, Table S3).

Most of the BTM modulations that differed between CR and IR were detected on day 7 and were related

to B-cell and CD4 T cell functions. Modules associated with monocyte signaling and function were also

differentially regulated between CR and IR at day 2 and subsequent timepoints. At days 7 and 28, we

observed a more pronounced downregulation of neutrophil-associated genes in CRs than in IRs. Differ-

ences in the post-vaccination modulations of individual genes that constitute each BTM are shown in

Figure S6.

Next, we sought to identify gene expression networks that were differentially engaged between CR and IR.

To this aim, we searched for DEGs (Differently expressed genes) that emerged at each post-vaccination

time point. Here, we observed that the day-7 post-vaccination time point encapsulated the greatest diver-

gence in gene expression patterns between CR and IR, with 81 DEGs asynchronously expressed between

CR and IR on day 7 after day 0 normalizations and correction for multiple comparisons at FDR 5% (Fig-

ure 2B); no DEGs were observed between CR and IR on day2 and day 28. Among the 81 DEGs, we identified

three main gene clusters by Gene Ontology (GO) analysis: (i) B-cell proliferation and immunoglobulin syn-

thesis, (ii) DNA processing and editing, and (iii) the Endoplasmic Reticulum (ER) stress response (Figure 2B).

Reflective of their day 7emergence, these DEGs (including XBP1, IGLL3, TNFRSF17, POU2AF1, CD27,

CD38, CAV1, CAMK1G, ITCM2, APOBEC3B, and ZBP1) have critical roles in plasmablast maturation as

well as antibody production and secretion (Adams et al., 2019; Shaffer et al., 2004). Interestingly, the

81 day 7 DEGs were relatively unchanged in a group of 30 participants (Cluster 2; comprising nine CR

and 21 IR; Figure S7A). At baseline, vaccinated participants in this Cluster 2 tended to have higher H1N1

titers, higher proportions of differentiated and/or senescent CD4 T cells at baseline (CD62L-effector mem-

ory and CD27-CD57+ T-cells), as well as Th1-biased T follicular helper cells (Figure S7B) than all remaining

participants.

Finally, we interrogated the Ingenuity Pathway Analysis (IPA; Qiagenª) knowledge database to identify po-

tential upstream molecules that connect signaling networks within these DEGs. Here, XBP-1 emerged as a

central upstream regulator of DEGs between CR and IR on day 7 (Figures 2C; Table S4). These DEGs -

including HSP90B1, SRPRB, SSR4, KDELR2, TXNDC5, SEC61B, and DDOST - which connect downstream

of XBP-1 signaling, are known to participate in the ER stress response (Figures 2B and 2C) (Adams et al.,

2019; Shaffer et al., 2004).

We externally validated these CR vs IR gene signatures against the Molecular Signature Database (C7;

Version 6.1) that was curated by the Human Immunology Project Consortium (HIPC) (Godec et al., 2016).

CR and IR gene signatures demonstrate significant similarity to 221 studies, among which TIV studies

are heavily represented (Figure S8). We also performed an internal validation by cross-checking CR vs IR

DEGs against DEGs that were identified based on a regression model of continuous HAI titer ratios against
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all three vaccine strains (Figures S9 and S10). We found that 22/81 DEGs overlapped (Figure S10) between

these two datasets that include 13,871 gene probes impacted by vaccination. Taken together, we identified

81 DEGs that constitute a CR vs IR molecular signature rather than a general vaccine response.

The baseline monocytic TLR response is stronger in CR than IR

The TLR transcriptomic signature suggested that innate immunity had a significant contribution to CR vs IR

clustering. In our BTM analysis, TLR related genetic modulations were more significant in CR than IR,

prompting us to study whether this effect was due to differences in baseline TLR expression or higher tran-

scriptomic modulation capacity (Figure 2A). A closer examination of the TLR signaling BTM identified two

families of innate pathogen recognition receptors (PRRs) – TLRs and Leukocyte Immunoglobulin-like Re-

ceptors (LILRs) – that were implicated in the difference in genetic response between IR and CR (Figure S6).

We comprehensively compared the gene expression pattern of these two receptor families at both base-

line and day 2 timepoints. We observed that the baseline expression of LILRs and TLRs was higher in CR

than in IR, which factors into the lower day 2 fold-changes in CR gene expression (Figure 3A). Moreover,

day 2 levels of TLR and LILR day 2 expressions did not differ in magnitude between CR and IR (Figure 3A).

The higher baseline expression of PRRs in CR suggests that the more extensive strain-coverage in the CR

vaccine response could be associated with greater baseline sensitivity to PRR activation; this effect in turn

could translate into more efficient activation of the adaptive response. Accordingly, we tested whether

monocytes and peripheral blood mononuclear cells (PBMCs) from CR and IR respond differently to TLR

stimulation at baseline. Indeed, we observed that CD80 upregulation by monocytes after TLR stimulation

Figure 2. Transcriptomic gene signature in CR versus IR elderly subjects

D2, D7 and D28 gene expression data normalized against baseline expression to identify differentially regulated genes between CR and IR at each post-

vaccination time point.

(A) Blood transcriptional modules (BTM) that are differentially regulated from baseline between CR and IR elderly subjects. DEGs in the module that are

upregulated or downregulated from baseline are respectively shown in red or green (gray segments represent non-DEGs); the size and opacity of circles

indicate the effect size and p value respectively.

(B) Heatmap and hierarchical clustering of 81 D7 vs D0 DEGs from CR vs. IR comparisons at FDR 5% in elderly subjects (N = 140). Gene Ontology Biological

Processes annotation was obtained by over-representation analysis.

(C) Qiagenª Ingenuity upstream analysis network highlight centrality of CD38, ERN1 and XBP1 signaling. Solid lines indicate direct interactions, while

dashed lines indicate pathways involving intermediates that are not shown in the figure; arrows indicate the direction of communication between molecules

(234 DEGs used as input, at FDR 15%).
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by TLR2, TLR4, TLR5, TLR7, TLR8, and TLR9 ligands wasmore significant in CR than in IR (Figure 3B). Overall,

PBMCs from CR seem to secrete higher levels of cytokines than PBMCs from IR following TLR stimulation

(Figure 3C). Taken together, our findings suggest that baseline differences in innate sensing capacity exist

between CR and IR.

Higher capacity for plasmablast expansion and XBP-1 upregulation in CR than IR

Guided by the knowledge that the DEGs that separated CR from IR primarily emerged in day 7 compar-

isons, we focused next on identifying differences in the B-cell responses between both groups. The day 7

expansion of plasmablasts and vaccine specific B-cells was greater for CR than IR (Figures 4A and 4B).

Because XBP-1 is known for its critical role in driving plasma cell differentiation (Iwakoshi et al., 2003; Re-

imold et al., 2001), and we identified it as a core upstream regulator of day 7 DEGs and a differentially

expressed gene between CR and IR, we validated whether XBP-1 proteomic expression differed between

CR and IR (Iwakoshi et al., 2003; Reimold et al., 2001; Shaffer et al., 2004). Owing to limited sample avail-

ability, we shortlisted 20 vaccinated participants based on their fold-change in day 7 vs baseline XBP-1

expression: 10 donors with the highest and day 10 donors with the lowest day-7 XBP-1 expression fold-

change. Incidentally, those with the highest and lowest day 7 XBP-1 fold-changecorresponded to CR and

IR, respectively.

Figure 3. PBMCs from CRs express higher levels of TLRS and respond more strongly to TLR stimulation

(A) Baseline, D2 and D2 vs D0 comparisons of TLR 1-10, LILRA1-6 and LILRB1-5 expression in CRs and IRs.

(B) Upregulation of CD40, CD80 and CD86 by monocytes from CRs vs IRs after in vitro TLR stimulation.

(C) Secretion of inflammatory cytokines by PBMCs from CRs vs IRs after in vitro TLR stimulation. Scales are in log2FC;

statistically significant modulations are indicated within each heatmap cell: *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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The percentages of XBP-1+ B cells and plasmablasts, as well as the intracellular levels of XBP-1 protein

expression (measured by MFI) in plasmablasts (Figures S11 and S12A) from these 20 donors correlated

strongly with both the quantity of vaccine-specific B cells (measured by ELISpot) and the day-28/day-

0 Flu B and H3N2 HAI titer ratios. XBP-1 protein expression (MFI) in B cells and plasmablasts was also

closely associated with day-28 Flu B HAI titers (Figure S11C). The day-7 vs. day-0 enrichment of XBP-1

gene expression (among all 140 donors with RNA data) was also positively associated with the above data-

sets to a similar extent (Figure S12A). Although post-vaccination XBP-1 gene and protein expression were

not significantly associated with the day-28 H1N1 HAI titer response, baseline XBP-1 gene expression was

(Figure S12B). Altogether, these data are consistent in describing a close relationship between XBP-1

expression in B cells and the generation of a TIV multi-strain B-cell response.

We also noted that XBP-1 protein expression in B cells was highest within plasmablasts (relative to naive

and switched memory B cells; Figure S12C) and that the donor-specific XBP-1 expression level (MFI) in B

cells was closely correlated to day-7 plasmablast percentages (Figure S12D). The greater day-7 plasma-

blast expansion in CR (relative to IR) was also reproduced in the subset of 20 donors (Figure S12E). In accor-

dance with the transcriptomic analysis, we observed a significant increase in the percentages of XBP-1+ B

Figure 4. The post-vaccination capacity for XBP-1 upregulation is higher in CRs vs IRs

(A) Plasmablast numbers at D0, D2, D7 and D28 (CR: n = 124; IR n = 81).

(B) Day 7 induction level of vaccine-specific B cells in CRs and IRs.

(C) The percentages of XBP-1+ B-cells and plasmablasts in IRs and CRs.

(D) The expression of XBP-1 and CD38 in plasmablasts from CR (n = 10) and IR (n = 10).

(E) Inducibility of XBP-1 expression by Day 0 and Day 7 B cells after tunicamycin stimulation. Pairwise comparisons were

made using the Mann-Whitney U-test; only statistically significant differences are shown.
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cells and plasmablasts in day-7 PBMCs from CR relative to IR (Figure 4C). Moreover, XBP-1 and CD38

expression was higher in plasmablasts from CR than from IR (Figure 4D).

Finally, we investigated whether B cells from CR and IR had a similar capacity to upregulate XBP-1 expres-

sion after exposure to chemically induced ER stress via the well-validated drug, tunicamycin. Here, we

observed that the frequencies of XBP-1 expressing B-cells were comparably raised by tunicamycin using

PBMCs from CR and IR at day-0. However, this capacity was reduced in IR relative to CR at day 7 (Figure 4E).

In summary, the ability to upregulate XBP-1 expression in B-cells are consistent between CR and IR at base-

line, but the post-vaccination capacity to increase XBP-1 expression is preserved in CR but not IR at day-7.

Immunosenescent T cell features are more prominent in IR than CR

The concept of immunosenescence – age-related changes in the compartmentalization and function of im-

mune cells – has often been cited to explain the loss of vaccine efficacy in the elderly (Dugan et al., 2020;

Effros, 2007;Weinberger et al., 2008). Markers of immunosenescence include a declining CD4:CD8 ratio, an

accumulation of late differentiated T-cells and a loss of T cell’s polyfunctionality (Pawelec et al., 2004; Xu

and Larbi, 2017). We found that IR had lower CD4:CD8 ratios and a higher frequency of differentiatedmem-

ory CD62L-CD8+ T cells than CR (Figures 5A and 5B) across all timepoints (including baseline). Accordingly,

the number of CD62L- CD8+ T cells negatively correlated to CD4:CD8 ratios across all subjects (Fig-

ure S13A). Next, we found that CD4:CD8 ratios positively correlated with day 7 B-cell and plasmablast

numbers in CRs but not in IRs (Figure 5C).

Although similar percentages of vaccine-stimulated CD4+ T-cells expressing IFNg, TNFa, IL-2, and CD40L

were observed among day-28 PBMCs from IR and CR (Figure S13B), these percentages were constituted by

more polyfunctional CD4+ T-cells in CR with a greater tendency to express a combination of these four

markers (Figure 5D). Of note, a CD8+ T cell response to TIV was not prominent amongst the participants

included in this study. The high degree of CD4+ T cell polyfunctionality in CR seemed to be specific to vac-

cine-stimulated immune cells, as the polyclonal activation of day 28 PBMCs by PMA exposed similar pro-

portions of polyfunctional CD4+ T-cells between CR and IR. Taken together, our measurements suggest

that T cell senescence may be more advanced in IR than CR.

Bile acid signatures distinguish CR from IR

In addition to cellular markers, we were also interested in identifying any circulating modulators that might

differentiate CR from IR. The relationship between immuno-metabolic constitution and the vaccine

response is an emerging field of study. Since circulating markers can be more conveniently sampled

than transcriptomic data, we attempted to identify relationships between serum measurements to CR

and IR status and their PBMC transcriptome to identify surrogate markers of cross-strain vaccine efficacy.

Here, we profiled 570 immuno-metabolic markers (broadly grouped into cytokines, amino acids, bile acids,

vitamins, and minerals) in plasma samples from all participants. Except for cytokine and chemokine levels

(measured at all time points), we measured all other markers only at baseline. Among these 570 measure-

ments, only 13markers differed between CR and IR with an effect size and p value cut-offs of log2 0.1 and 0.1

respectively (Figure 6A). From this list, four were elevated in CR (alloLCA, apoCA, dehydroLCA, and potas-

sium) while nine were elevated in IR [PDGF-AA, IGF-1, IGF-R1, PIINP, TCA, tauroursodeoxycholic acid

(TUDCA), 7-DHCA, GCDCA, and CDCA-3Gln]. These data signify a trend where differences in bile acid

metabolism and IGF signaling separate CR from IR.

We further probed the relationship between bile acid levels and seroresponsiveness using an extended list

of primary, secondary, and tertiary bile acids that were either related to those listed above that differed

between CR and IR (p value <0.1) or were recently described to be associated with a perturbed TIV

response (Hagan et al., 2019). Here, we observed a trend where the six primary bile acids were all found

in lower concentrations in CR than in IR while most secondary and tertiary bile acids were elevated in CR

(with the exception of TLCA, 7-DHCA, 7-ketoLCA, GUDCA, TUDCA, and UDCA) compared to IR. TCA,

TUDCA, and alloLCA levels were statistically different between CR and IR (p value <0.05); but increasing

the p value threshold to 0.1 included dehydro-LCA, 7-DHCA, and apoCA to this list (Figure 6B).

Finally, we determined whether the levels of the bile acids that differed between CR and IR (p value <0.1)

were associated with the TIV response. After adjusting for age and sex, we observed that 7-DHCA levels

(which were marginally higher in IR) negatively correlated with both H1N1 and H3N2 titers (Table S5). In
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addition to positively correlating with the baseline expression of day 7 vs day 0 DEGs in CR (Figure 6C), allo-

LCA levels also positively correlated with Flu B HAI titers across all participants. While the correlation

coefficients obtained for these relationships were modest, these findings further support the most recently

proposed hypothesis that microbiota-mediated alteration of bile acid metabolism can influence influenza

vaccine responsiveness (Hagan et al., 2019).

DISCUSSION

While a moderate antibody response to a single viral antigen classifies a pool of responders to a defined

vaccine (according to WHO), it is important to adapt this classification for vaccines that encompass anti-

gens from multiple viral sources. This sensitive measurement of vaccine efficacy in the elderly warrants

greater attention as they are more susceptible to infectious diseases, as made apparent by the current

SARS-CoV2 pandemic (Zheng et al., 2020). At least three strains of influenza virus can independently cause

severe illness in the elderly and circulate during each influenza season (Ambrose and Levin, 2012; Groh-

skopf et al., 2018). Thus, a multi-system approach that detects transcriptomic and biological correlates

of a multi-strain response in the elderly is needed to identify pathways that can be targeted to optimize

the influenza vaccine response.

Although our phase IV clinical trial of Vaxigrip contributed to >93% seroprotection rate against constituent

strains, we observed that only 60.5% of elderly participants developed a trivalent response (i.e. serorespon-

sivenesstowards all three strains) to the vaccine. This heterogeneity in response capacity may arise from

biological differences that have serious implications in the prevention of severe complications that are trig-

gered by influenza or viruses that cause respiratory illnesses. Here, we used the standard clinical definition

Figure 5. IR subjects display a more senescent T cell phenotype

(A) The CD4/CD8 ratios in CRs vs IRs (CR: n = 124; IR n = 81).

(B) Percentages of TEM-like CD8 in CRs vs IRs.

(C) The magnitudes of cytokine-specific CD4 T cell responses in CRs vs IRs after in vitro vaccine stimulation.

(D) The frequency of polyfunctional TNFa + CD4 T cells in CRs as compared to IRs. Except for Figure 2D, where pairwise

comparisons were made using the Monte Carlo simulation test, pairwise comparisons were made by performing the

T test. The arc legend indicates the cytokine expression profile of each pie segment.
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of seroresponsiveness as attaining seroprotection (HAI titer >40) or seroconversion (>4-fold increase in HAI

titer) relative to the pre-vaccination absence or presence of strain-specific antibodies, respectively. As only

very few non-responders (i.e. those who seroconverted to none of the three strains) were observed, we pro-

ceeded to stratify participants based on whether or not they seroconverted to all three vaccine strains. By

grouping elderly participants into complete (achieved seroconversion for all the three strains) or incom-

plete responders, and integrating data frommultiple biological systems, we were able to identify transcrip-

tomic and biological parameters that were associated with partial or full strain responsiveness in vaccinated

Figure 6. Bile acid signatures distinguish CRs from IRs

(A) Volcano plot depicting the levels of immuno-metabolomic markers in CRs versus IRs.

(B) The levels of bile acids in plasma in CRs relative to IRs; plasma from CRs generally reveal higher secondary and tertiary

bile acid concentrations.

(C) Heatmap demonstrating correlation coeff. between plasma alloLCA concentrations in CRs and IRs (n = 140) versus the

baseline expression of Day 7 DEGS. Statistically significant modulations are indicated within each heatmap cell:

*, p < 0.05; **, p < 0.01; ***, p < 0.001. Stratification of elderly participants based on HAI assay results into complete (CR) or

incomplete (IR) responders (see text).

(D) D28/D0 versus D0 regression by strain in CR and IR subjects.
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elderly. Although some IR participants exhibited high baseline titers to the three strains with subsequently

no further increase post vaccination, we did not obtain a meaningful number of these participants (n = 8) to

permit their further segregation into a third comparison group. However, they represent a subset of

homeostatic responders who could be distinctive in their biological signatures because of prior sensitiza-

tion to influenza antigens - valuable insight could thus be gleaned from these individuals in subsequent

studies.

The loss of TLR expression in innate cells is a hallmark of immunosenescence and may have negative im-

plications for vaccine responsiveness in the elderly (van Duin et al., 2007b). A reduced capacity for TLR-

induced cytokine secretion in dendritic cells has, for example, been linked to poor antibody responses

following influenza vaccination (Panda et al., 2010; Yamamoto et al., 2002). Our investigation of immune-

metabolic parameters in CR and IR corroboratesthese findings, demonstrating that higher baseline TLR

expression and a heightened sensitivity to TLR stimulation might be associatedwith a more extensive vac-

cine response. Data from our gene expression analysis corroborated higher baseline TLR gene expression

in CR (statistically significant for TLR4, TLR6 and TLR8). The expression of TIRAP, a key transducer of TLR2

and TLR4 activation, was also more highly expressed in CR than IR (Yamamoto et al., 2002). Moreover,

following TLR stimulation, monocytes and PBMCs from CR stimulated higher CD80 expression and cyto-

kine secretion at baseline, respectively. This finding intersects with an earlier report that described a strong

association between the pre-vaccination TLR-induced CD80 level in monocytes with influenza vaccine

coverage and response (van Duin et al., 2007a). While TLR ligands are not directly present in the vaccine,

the improved TLR responses in CR likely serve as an indicator of innate cell integrity and capacity; this in

turn facilitates the trafficking and engagement of other antigen-presenting cells and the production of vac-

cine-specific T cells and B cells (De Gregorio et al., 2009; van Duin et al., 2006).

Our study data concur with previous findings that markers of T cell immunosenescence, such as inverted

CD4:CD8 ratios and a high proportion of differentiated memory T-cells, define those who are less respon-

sive to vaccination (Fuster et al., 2016; Pera et al., 2015; Strindhall et al., 2016; Trzonkowski et al., 2003).

These features, which are more pronounced in IR, could result from a loss of T cell homeostasis or pro-

longed exposure to antigens or a pro-inflammatory environment. T-cells are instrumental to conferring

clinical protection and play critical roles in viral clearance, augmenting influenza prevention when the in-

duction of sterilizing immunity fails. In CR, CD4:CD8 ratios were positively associated with the day-7 plas-

mablast response in CR, but this relationship is lost in IR. The latter observation could imply that loss of CD4

T cell homeostasis might negate their contribution to supporting the post-vaccination B-cell response in IR,

which is intuitive considering the critical relationship between CD4 T cells and their role in supporting an-

tigen-specific B-cell maturation and function (Smith et al., 2000; Xu et al., 2014). Because CD4+ T cell help is

essential to generate a B-cell response, the enhanced poly-functionality of vaccine-specific CD4+ T-cells in

CR is likely to be an important factor in driving the trivalent HAI response in CR. The latter hypothesis is also

supported by our observation that participants who were relatively inert in their upregulation of day-7

DEGs had higher proportion of senescent CD4 T-cells.

Polyfunctional T cell responses are reliable prognostic markers in the context of viral infections (Goodman

et al., 2011; Harari et al., 2006; Loré et al., 2007; Makedonas and Betts, 2006; Moris et al., 2011; Precopio

et al., 2007). The observation that CR developed more polyfunctional vaccine-specific CD4 T-cells than

IR after a TIV vaccination further supports the clinical potential of boosting vaccination efficacy by targeting

the expansion of polyfunctional CD4 T-cells; the latter strategy might be achieved using viral vectors or an-

tigens that elicit more polyfunctional responses (Rollier et al., 2011). Although the contribution of CD4 T cell

polyfunctionality to vaccine-related protective immunity remains inconclusive in infants and young adults,

this quality could be of greater relevance to the elderly than young adults, who are likely to present with

fewer polyfunctional T cells (Lewinsohn et al., 2017).

Our immune-metabolic analyses suggest that the basal inflammatory condition that drives immunosenes-

cence might be associated with differences in bile acid metabolite levels between CR and IR. The conver-

sion of primary bile acids to secondary and tertiary products is largely mediated by gut microbiota (Hagan

et al., 2019). The poor representation of secondary and tertiary bile acids in IR could thus indicate alteration

of gut microbiota diversity. Indeed, a connection between gut microbiota loss and influenza vaccine

response has been recently described (Hagan et al., 2019). The collapse of secondary bile acid levels,

particularly LCA, was a hallmark feature of antibiotic-treated subjects who developed lower strain-specific
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microneutralization and IgG titer. Antibiotic usage contributed to a 10,000-fold reduction in gut microbial

diversity and a 1000-fold reduction in LCA levels. The impact of LCA levels on vaccine responses might be

linked to its immune-modulatory properties, as LCA is a potent inhibitor of the NLRP3 inflammasome and is

associated with the downregulation of AP-1-related transcriptomic modules (Nakaya et al., 2011). We

found that allo-LCA levels were elevated in CR at baseline. We posit that the immuno-modulatory function

of allo-LCA might be important to the homeostasis of immune activation levels in elderly subjects, who in

our study showed progressive signs of ‘inflammaging’ compared to the younger participants (data not

shown). We also observed a trend toward higher 7-DHCA levels in IR that correlated negatively to day-

28 H1N1 and H3N2 HAI titers. Altogether, these data imply that the immune response towards vaccination

might be modulated by differences in bile acid metabolism. Bile acid measurements might serve as poten-

tial surrogate markers of TIV efficacy in the elderly.

A mechanism by which serum bile acid levels could promote vaccine coverage might lie in their down-

stream capacity to induce genes associated with B-cell function and the ER-stress pathway. Most DEGs

that surfaced in the CR vs IR comparisons became apparent on day 7, which coincides with the plasmablast

response. In our case, allo-LCA levels, which were positively associated with the Flu B HAI response,

demonstrated more positive correlations to the baseline expression of the 81 DEGs (that were identified

between CR and IR) at day 7 in CR than in IR. Incidentally, the grouping of genes by GO analysis indicated

that DEGs that were more highly upregulated in CR (including CD38) were associated with B-cell prolifer-

ation and immunoglobulin synthesis. Moreover, genes that encode the biological functions that support

plasmablast differentiation — late events in plasma cell function such as antibody secretion and cell pro-

liferation, DNA synthesis/editing, and the unfolded protein response (UPR) — were also enriched in CRs

(Iwakoshi et al., 2003; Reimold et al., 2001). This pathway preserves the physiological integrity of plasma-

blasts and remodels the ER machinery to allow the production and secretion of copious amounts of immu-

noglobulins (Adams et al., 2019; Shaffer et al., 2004). Our results suggest that an enhanced transcriptomic

capacity to trigger these homeostatic adjustments during vaccination could be important to support a

multi-strain B-cell response.

IPA analysis positioned XBP-1 as a central upstream regulator of the DEGs between elderly CR and IR

PBMCs on day 7 (234 DEGs at FDR 15% were used). XBP-1 is a chief orchestrator of the UPR and is essential

for plasma cell differentiation (Iwakoshi et al., 2003; Reimold et al., 2001). We validated the relationship be-

tween XBP-1 and the multi-strain HAI response by CRs in a subset of elderly donors. As the DEGs were

distilled from PBMCs, we first prioritized the validation of differential XBP-1 protein expression between

CR and IR in B-cells. We observed that the quantity of XBP-1 expressing plasmablasts and the level of

XBP-1 expression in these cells were higher in CR on day 7; the expansion of XBP-1+ plasmablasts and

expression level of XBP-1 was also strongly correlated with the vaccine response. Altogether, these data

were consistent with the relevance of XBP-1 protein and transcriptomic upregulation in generating a triva-

lent vaccine response. Activation of the UPR via XBP-1 gene expression was associated with the strength of

the HAI titer response following trivalent influenza vaccination of young adults (18-50 years of age) in a US

cohort (Guo et al., 2016). In addition to XBP-1, the UPR-associated DEGs identified by our approach over-

lapped with those identified in this earlier study, including the upregulated expression of MANF and

HSP90B1 (Guo et al., 2016). By linking XBP-1 expression in B-cells to post-vaccination strain coverage in

our cohort, we extend the dimensionality of this earlier finding to older adults (>65 years of age). Here,

we also document the role of other UPR-associated genes (SRPRB, SSR4, KDELR2, TXNDC5, SEC61B,

and DDOST) that support the comprehensiveness of the TIV response in older adults (>65 years of age)

(Godec et al., 2016; Iwakoshi et al., 2003; Reimold et al., 2001; Shaffer et al., 2004).

Given the association between XBP-1 expression and TIV strain responsiveness, it was important to under-

stand whether UPR activation was merely complicit to or is responsible for greater vaccine response in CR.

In the event of the latter, the question of whether the XBP-1 response can be modulated in IR gains clinical

relevance with the assumption that boosting the XBP-1 genomic or proteomic signature might stimulate a

multi-strain response in IR. By stimulating the UPR pathway in PBMCs with tunicamycin, we observed that

an increased capacity for XBP-1 upregulation emerges in CR by day 7 of the post-vaccination phase. This

difference in sensitivity to chemically induced XBP-1 upregulation between CR and IR suggests that the po-

tential for XBP-1 upregulation is less durable in IR and could be diminished by antigen challenge. Neverthe-

less, the finding that B cells from IR retained a post-vaccination plasticity for XBP-1 expression – albeit with

lower sensitivity than CR – suggests that further stimulation of this pathway during vaccination might
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promote vaccine strain responsiveness. Notably, the levels of TUDCA bile acid – a natural inhibitor of XBP-1

expression and XBP-1 mediated UPR activation – were elevated in the plasma of IR and this increase could

be related to the suppression of XBP-1 activity in IR (Lee et al., 2010; Xie et al., 2002).

Tunicamycin is not a feasible agent for boosting immunoglobulin production during vaccination; it

causes overloading of the ER secretory pathway that is required for antibody secretion (Bull and Thiede,

2012; Olden et al., 1979). Going forward, oil-in-water (o/w) emulsions could rather be considered: their

specific involvement in UPR activation has recently been demonstrated and this function might act as a

major mechanism for their capacity to drive vaccine responsiveness (Domnich et al., 2017; Givord et al.,

2018). A recent study showed that activation of the ER-stress pathway via the IRE1a–XBP-1 axis in

myeloid cells is a major mechanism where AS03, a registered o/w squalene-based adjuvant, enhanced

antigen processing and presentation capacity (Givord et al., 2018). AS03 also augmented the post-vacci-

nation T-follicular helper cell response and antibody avidity in vaccinated mice. Furthermore, AS03 and

another squalene-based adjuvant, MF59, had been successful in promoting the long-term immunoge-

nicity of influenza vaccines in both the young and elderly (Domnich et al., 2017). With UPR activation

coming into prominence in directing the potency and coverage of the post-vaccination antibody

response across different age groups, the activation of ER-stress mechanisms by o/w adjuvants and their

role in promoting vaccine-specific B-cell development and function during vaccination warrants further

investigation.

Our classification of participants into CR and IR has certainly biased our attention to transcriptomic and

cellular parameters that influence the humoral response in the administration of TIV to elderly. Beyond

any association to the HAI response, 149 BTMs were significantly impacted by the vaccination (i.e.

13,871 gene probes) and the top 30 BTMs refer to day 2 vs day 0 comparisons that relate to innate immunity

pathways (Figure S14). Only a small fraction of the genes that are impacted by vaccination can be signifi-

cantly associated to a HAI increase with classical statistical procedures (Lewinsohn et al., 2017). While HAI

and antibody titers are robust predictors of protection against influenza illnesses following influenza vacci-

nation, their reliability can be influenced by seasonal factors, such as the level of homology between the

vaccine composition and the circulating strain (Couch et al., 2013; Dunning et al., 2016; Ohmit et al.,

2011). Moreover, other studies have reported that T-cell-mediated responses or serum indices, such as

Granzyme B levels, may be stronger correlates of vaccine-induced protectiveness (McElhaney et al.,

2006, 2009). Therefore, future studies should focus on examining whether the correlates of strain-respon-

siveness identified in this study correspond to cross-strain protection from influenza-related illnesses after

vaccination and whether this could be retrospectively observed in subsequent meta-analyses using

completed studies that feature longitudinal cohorts.

Overall, we have revealed that vaccine responsiveness within a cohort can be meaningfully evaluated using

a systems biology approach, and have provided an useful tool that can be used whenWHO guidelines that

center on HAI fold increase or absolute titer against individual strains becomes insufficient to distill param-

eters that distinguish more competent vaccine responders. A combined gene expression analysis

supported by cell-mediated immunity assessment can be applied to unravel the molecular mechanisms

of antibody response after influenza vaccines in healthy elderly. Based on our data thus far, we propose

that specific targeting of the ER-stress response in B cells during elderly TIV may improve cross-strain

vaccine efficacy. Overall, we have revealed that vaccine response stratification can be achieved using a

systems biology approach, especially when using WHO methodology alone such as HAI fold increase or

absolute titer is insufficient to identify heterogeneity of responses. A combined gene expression analysis

supported by cell-mediated immunity assessment can be applied to unravel the molecular mechanisms of

antibody response after influenza vaccines in healthy elderly. Based on our data thus far, we propose that

specific targeting of the ER-stress response in B cells during elderly TIV may improve cross-strain vaccine

efficacy.

Limitations of the study

(i) Older subjects respond well to TIV and are presented with high titers. This limited our capacity to

detect signatures associated with age-related functional impairment.

(ii) Transcriptomic and immunological data from a subset of predominantly Chinese elderly population

that are community-dwelling were captured in this study and their data may not fully represent the

global elderly population.
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(iii) The cellular and molecular signatures associated with CR vs IR deserve to be validated in a separate

study and a larger population to demonstrate consistency in the veracity of our findings.

(iv) Some participants have been included as IR but exhibited high baseline titers with no further post-

vaccination increase. Although they may represent a distinct subset of homeostatic responders with

a unique molecular signature, we were unable to study them as a separate group due to their small

numbers. This population warrants a larger sample size for their characterization in future studies.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Influenza A NP mouse monoclonal

purified IgG

CDC catalog# VS2208

Millipore A1/A3

Blend catalog# MAB8251

Anti-Influenza B NP mouse

monoclonal purified IgG

Abcam [B017] catalog# ab20711

Antibody Staining Panel for

TLR Stimulation

CD3 (lin) Biolegend 300406

CD14 Biolegend 325620

CD19 Biolegend 302228

CD40 Biolegend 334322

CD56 (lin) Biolegend 318304

CD80 BD Pharmingen 564160

CD86 BD Pharmingen 555665

CD123 Biolegend 306022

HLA DR BD 340549

L/D Life Technologies L34970

CD107a-BV785 BD Biosciences Cat:563869

Antibodies used for Trucount

(Target, clone, dye)

CD123, 6H6, BV650 eBioscience 95-1239-42

CD14 , M5E2, PerCP Biolegend 301824

CD16, 3G8, A700 Biolegend 302026

CD19 , SJ25C1, BV786 BD 563325

CD27, M-T271, PE Biolegend 356406

CD3 , OKT3, PE/cy7 Biolegend 317334

CD38, HIT2, APC BD 555462

CD4, OKT4, BV510 Biolegend 317444

CD45, HI30, PB Biolegend 304029

CD56, CMSSB, PE/cy5.5 eBioscience 35-0567-42

CD62L, DREG-56, APC/cy7 Biolegend 304814

CD66b, G10F5, FITC Biolegend 305104

CD8 , RPA-T8, PE TR eBioscience 61-0088-42

HLA-DR, L243, BV605 Biolegend 307640

CD123, 6H6, BV650 eBioscience 95-1239-42

Antibodies used for XBP-1 staining of

PBMCs (Target, Fluorochrome, Clone)

L/D, Aqua Life Tech L34966

CD19, BV650, HIB19 Biolegend 302238

CD27, PE, M-T271 Biolegend 356406

CD38, APC, HIT2 BD 555462

IgD, BV786, IA6-2 Biolegend 348242

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HLA DR, PE/Cy7, L243 Biolegend 307616

CD14, AF700, HCD14 Biolegend 325614

CD3, BV605, OKT3 Biolegend 317322

CD4, PE/Cy5, OKT4 Biolegend 317412

IgG surface, FITC, G18-145 BD 555786

IgM surface, APC/Cy7, MHM-88 Biolegend 314520

IgG intra, BV421, G18-145 BD 562581

IgM intra, PerCP/Cy5.5, MHM-88 Biolegend 314512

XBP1-1S, PE-CF594, Q3-695 BD 562820

Antibodies used for the T-cell polyfunctionality

assay (Marker, Fluorochrome, Clone)

CD107a, BV785, H4A3 BD 563869

L/D, AQUA, Life Tech L34966

CD3, BV570, UCHT1 Biolegend 300436

CD4, APC, OKT4 Biolegend 317416

CD8a, AF700, RPA-T8 Biolegend 301028

CD27, APC/Cy7, M-T271 Biolegend 356424

CD57, PerCP/Cy5.5, HNK-1 Biolegend 359622

CXCR5, PE, J252D4 Biolegend 356904

CD154, PE/Cy7, 5C8 Miltenyi Biotec 130-096-793

Granzyme B, PE-CF594, GB11 BD 562462

Perforin, BV421, B-D48 Biolegend 353305

IL-2, BV605, MQ1-17H12 Biolegend 500332

IFN-g, FITC, 4S.B3 Biolegend 502506

TNFa, BV650, MAb11 Biolegend 502938

Chemicals, peptides, and recombinant proteins

Neuraminidase (NA) Sigma-Aldrich N/A

Red blood cells Lampire N/A

TRBC suspension Lampire N/A

Human serum adsorbed conjugated to HRP SeraCare Life Science N/A

TMB substrate solution SeraCare Life Science N/A

Sulfuric acid Macron Chemicals N/A

Trypan blue Thermo Fisher cat: 15250061

Glutamax Thermo Fisher cat: 35050061

1X NEAA Thermo Fisher cat: 11140050

1X sodium pyruvate Thermo Fisher cat: 11360070

1X penicillin/streptomycin Thermo Fisher cat: 15140122

AB human serum Sigma Aldrich cat: H4522

L-glutamine Thermo Fisher cat: 21870092

EDTA Promega cat: V4231

BD FACS Lysing solution BD Biosciences Cat: 349202

Foxp3/Transcription Factor Staining Buffer Set Thermo Fisher Cat: 00-5521-00

tunicamycin from Streptomyces sp. Sigma-Aldrich Cat: T7765-1MG

Brefeldin A Thermo Fisher Cat: 00-4505-51

Monensin Thermo Fisher Cat: 00-4506-51

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PMA/Ionomycin Sigma-Aldrich Cat: P1585/I0634

Cytofix/Cytoperm BD Biosciences Cat: 554714

Ligands Employed in TLR Stimulation:

TLR2 Pam2CSK4 N/A

TLR3 PolyI:C (HMW) N/A

TLR4 LPS-EK (Ultrapure) N/A

TLR5 FLA-ST (Ultrapure) N/A

TLR7 R837 N/A

TLR7 R848 N/A

TLR8 ssRNA40 N/A

TLR9 ODN 2006 N/A

TLR9 ODN 2116 N/A

Critical commercial assays

Milliplexª human cytokine/chemokine panel Merck Millipore Cat: EPX090-12187-901

FLEXMAPª 3D Merck Millipore N/A

xPONENTª 4.0 Luminexª N/A

MILLIPLEXª MAP Human Cytokine/

Chemokine Magnetic Bead Panel

Merck Millipore Cat: HCYTOMAG-60K

TrucountTM Absolute Counting Tubes BD Biosciences Cat: 340334

ELISpot kitª Mabtech, Nacka Strand Cat: 3850-2H

CryoThawTM Medax International N/A

mirVanaª miRNA isolation kit Thermo Fisher Cat: AM1560

cDNA synthesis kit Thermo Fisher Cat: K2561

TargetAmpª Nano-g Biotin-aRNA

Labeling Kit for Illumina

Epicenter Cat: TAN07908

Deposited data

Gene expression profiles associated with

humoral response to influenza vaccine,

Vaxigrip, in young and elderly subjects

of Chinese ethnicity in Singapore

Gene Expression

Omnibus (NCBI)

GSE107990

Oligonucleotides

anti-CD40 RnD Systems Cat: MAB6321

CpG ODN 2006 Invivogen Cat: tlrl-2006

Recombinant DNA

Software and algorithms

Bio-Plex Manager 6.1.1ª Bio-Rad N/A

FlowjoTM 10.6.1 Tree Star N/A

Genome Studioª Illumina N/A

Lumi package version 2.39.3 Bioconductor Du et al., 2008

Array Studio software OmicSoft QIAGEN� N/A

tmod R package v0.44 Bioconductor Weiner, 2018, Li et al., 2014

Molecular Signatures Database v6.2 Broad Institute Liberzon et al., 2015, Liberzon et al., 2011

sPLS version 2.2.2 R CRAN Chung et al., 2019

mixOmics packages version 6.3.2 Bioconductor Rohart et al., 2017

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Glenn Wong (glenn_wong@immunol.a-star.edu.sg).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The microarray data is available on Gene Expression Omnibus (NCBI) under the accession number

GSE107990.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECTS DETAILS

Study design and participant recruitment

A phase IV clinical trial was approved by the National Healthcare Group’s Domain Specific Institutional Review

Board, including informed consent check, and registered at clinicaltrials.gov under the registration number

NCT03266237 for the prospective recall of SLAS-2 participants to receive Vaxigrip (Sanofi-Pasteur). Starting

December 2013, adults >65 years-of-agewere recruited fromparticipants in the second cohort of the Singapore

Longitudinal Aging Study (SLAS-2), an epidemiologic study related to aging (Feng et al., 2013; Ng et al., 2008).

The participants were community dwellers at eight different housing precincts across Singapore. Volunteers

were excluded if they had received an influenza vaccine in the 6months preceding the trial or if they were exter-

nally scheduled for vaccination during the trial period; had suspected congenital or acquired immunodefi-

ciency; were recipient to immunosuppressive therapy such as anti-cancer chemotherapy or radiation therapy

in the period of 6 months prior to trial commencement; and/or were on long-term systemic corticosteroid ther-

apy (prednisone or equivalent for >2 consecutive weeks within the past 3 months). All volunteers provided writ-

ten informed consent for the administration of seasonal influenza vaccine.

Among the 205 elderly participants (128 females, and 77 males) with available transcriptomic data, gender

distribution was comparable between CR and IR (Fisher Test p value = 0.4641; CR (44 males, 80 females;

proportion of females = 0.64) and IR (33 males, 48 females; proportion of females = 0.60). Hence, the rep-

resentation of male/female transcriptomes were comparable between both CR and IR.

METHODS DETAILS

Influenza vaccination and blood sampling

The trial tested inactivated TIV Vaxigrip (2013-2014) seasonal influenza vaccines consisting of split virions

from three prevalent and circulating strains: A/California/07/2009 (H1N1), A/Texas/50/2012 (H3N2) and

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Ingenuity IPA� software Qiagen Bioinformatics N/A

pheatmap package version 1.0.10 R CRAN Kolde, 2019

Other

Trial tested inactivated TIV Vaxigrip vaccine

(2013-2014) seasonal influenza vaccines

consisting of split virions.

Sanofi Pasteur Vaxigrip A/California/07/2009 (H1N1),

A/Texas/50/2012 (H3N2),

B/Massachusetts/02/2012

BD FACSVerse Becton Dickinson N/A

Hematology Analyzer Coulter AcdT diff Beckman Coulter N/A

LSR II Fortessa BD Biosciences N/A

ImmunoSpot S5 Versa Analyzer Cellular Technology N/A
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B/Massachusetts/02/2012. The vaccine was administered to the study participants between January and

August 2014. Venous blood specimens were collected from the participants immediately prior to vaccina-

tion (day-0) and on days 2, 7 and 28 after vaccination.

Vaccine-specific antibody titres (HAI and MN)

Vaccine-specific antibodies were measured in sera on day 0 and day 28 post-vaccination by Hemaggluti-

nation inhibition (HAI) and microneutralization (MN) assays. The influenza virus HAI assay is based on the

ability of specific anti-influenza antibodies to inhibit agglutination of RBCs induced by influenza virus

HA. The MN assay is based on the ability of neutralizing antibodies against influenza virus to inhibit the

infection of MDCK cells with influenza virus. Prior to performing HAI and MN assays, serum samples

were heat-inactivated for 30 min at 56�C to inactivate complement.

For the HAI assay, heat-inactivated sera were treated with neuraminidase (NA) type III from Vibrio cholerae

solution (Sigma-Aldrich) for 18 h in a 37�C water bath, then 1 h in a 56�C water bath, in order to eliminate

non-specific inhibitors. Following NA treatment, anti-agglutinins were adsorbed by the addition of a

50% red blood cells (RBC) solution (Lampire). Serum-RBC solutions were incubated for 2 h at 4�C. Following
incubation, samples were centrifuged for 10 min at 2200 rpm (RCF: 1106 x gravity) at 4�C. Treated serum

samples were then titrated in 96-well plates starting at a 1/10 dilution and subsequently through ten

2-fold serial dilutions. Twenty-five mL of influenza virus containing 4 HA units (Sanofi Pasteur) was then

added. Plates were incubated for 1h at 37�C. Then, 25 mL TRBC suspension (Lampire) was added and incu-

bated at ambient temperature for 1 h. Agglutination was determined using the tilt method. The reciprocal

of the highest serum dilution that exhibited complete inhibition of hemagglutination was assigned as the

HAI titer.

In the MN assay, the heat-inactivated serum samples were titrated in 96-well plates starting at a 1/10 dilu-

tion and subsequently through ten 2-fold serial dilutions. Fifty ml of Influenza virus stock (Sanofi Pasteur)

titrated to 100 TCID50 (50% Tissue Culture Infectious Dose) was added and plates were incubated

for 120 min at 37�C with 5% CO2. MDCK cell suspension was prepared and added to the test plates at

1.5 x 104 cells/well. Plates were incubated 18 to 20 hours at 37�C with 5% CO2. Following incubation, cells

were fixed with acetone buffer; then plates were washed with wash buffer. Anti-Influenza A NP mouse

monoclonal purified IgG (CDC, catalog# VS2208; Millipore, A1/A3 Blend, catalog# MAB8251 or equivalent)

or anti-Influenza B NP (Abcam [B017], catalog# ab20711 or equivalent) mouse monoclonal purified IgG was

added to all wells. Plates were covered and incubated 60 min at room temperature. Following incubation,

plates were washed with wash buffer and goat anti-mouse IgG (gamma) antibody, human serum adsorbed

conjugated to HRP (SeraCare Life Science) was added to all wells. Plates were covered and incubated

60 min at room temperature. Following incubation, plates were washed with wash buffer. Following incu-

bation, TMB substrate solution (SeraCare Life Science) was added to all wells. Plates were incubated at

room temperature for 25 min. Following incubation, the reaction was stopped with 2 normal (N) sulfuric

acid (Macron Chemicals) and plates were read spectrophotometrically at 450 nanometers (nm) with a refer-

ence wavelength at 630 nm. The neutralizing antibody titer was expressed as the reciprocal dilution that

caused a 50% reduction of the absorbance value in respect to the virus control. This reduction was calcu-

lated by the intersection of the neutralization test sample optical density (OD) curve with the line represent-

ing the 50% neutralization point of the virus control ODs.

Both HAI and MN assays were performed in two independent runs on each sample and the geometric

mean titer of the two runs was used to determine the final titer.

Subjects with titers R40 (1/dil.) were defined as seroprotected; subjects were defined as seroconverted if

they had titers <10 (1/dil) on day 0 and R40 (1/dil) after vaccination; a significant increase in HAI titers was

observed if subjects had titers R10 (1/dil) on day 0 and a R4-fold increase in post-vaccination titers.

Cytokine measurements by Luminex

A Milliplexª human cytokine/chemokine panel (Cat: EPX090-12187-901; Merck Millipore, Massachusetts,

USA) was used to measure plasma levels of immunological molecules on days 0, 2, 7, and 28 post-vaccina-

tion. Samples and standards were incubated with fluorescent-coded magnetic beads that had been pre-

coated with the respective capture antibodies. After overnight incubation at 4�C with shaking, the plates

were washed twice with the provided wash buffer. Biotinylated detection antibodies were incubated with
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the complex for 1 h and Streptavidin-PE was subsequently added for a further 30-min incubation. The

plates were washed twice before the beads were re-suspended in sheath fluid and read as PCR plates

by the Luminex analyzer, FLEXMAPª 3D (Merck Millipore, Massachusetts, USA). The data were acquired

using xPONENTª 4.0 (Luminexª, Texas, USA) acquisition software and analyzed with Bio-Plex Manager

6.1.1ª (Bio-Rad, California, USA). Standard curves were generated, and a five-parameter logistic algorithm

was used to estimate the MFI and concentration values.

TLR stimulation, cytokine measurement and immunophenotyping

PBMCs were quick-thawed at 37�C and transferred to warm RPMI with 10% FBS. Cell count and viability

were calculated using 0.04% trypan blue (cat: 15250061, Thermo Fisher) diluted with 1X PBS. TLR stimula-

tion was performed on 500,000 cells. The conditions used for TLR stimulation are listed in the key resources

table. 500,000 PBMCs per sample were seeded evenly into 10 wells in a 384-well flat bottom plate in media

consisting of 1X Glutamax (cat: 35050061, Thermo Fisher), 1X NEAA (cat: 11140050, Thermo Fisher), 1X so-

dium pyruvate (cat: 11360070, Thermo Fisher), 1X penicillin/streptomycin (cat: 15140122, Thermo Fisher)

and 5% AB human serum (cat: H4522, Sigma Aldrich) in RPMI without L-glutamine (cat: 21870092, Thermo

Fisher). The respective stimulation ligands were added to make up a final volume of 50uL per well and incu-

bated in a humidified incubator at 37�C with 5% CO2 for 24 hours. After incubation, the plate was centri-

fuged at 400g for 5 minutes at 4�C and 40uL of supernatant were transferred into a new 96-well round

bottom plate and stored at �80�C for downstream analysis. The MILLIPLEXª MAP Human Cytokine/

Chemokine Magnetic Bead Panel - Immunology Multiplex Assay was used to measure 12 analytes

(G-CSF, IFN-alpha 2, IFN-gamma, IL-10, IL-1a, IL-1b, IL-12p40, IL-6, IP-10, MIP-1a, MIP-1b, TNF-a) in the

stored supernatant.

The remaining cells were transferred into a 96-well V-bottom plate for antibody staining to quantify cellular

activation after TLR stimulation, the antibody panel for this purpose is described in the key resources table.

The cells were incubated with a mastermix of antibodies at 4�C for 20 min in the dark. After incubation, the

cells were washed twice and resuspended with FACS buffer, consisting of 2mM EDTA, 5% FBS in 1X PBS.

BD FACSVerse (Becton Dickinson) was used for acquisition.

Immunophenotyping

The Hematology Analyzer Coulter AcdT diff (Beckman Coulter, California, USA) was used to count total red

blood cells, white blood cells, lymphocytes, monocytes, granulocytes, and platelets in whole blood sam-

ples. Thereafter, flow cytometry was performed to characterize the immune-cell subsets. B cells, plasma-

blasts, CD4 and CD8 T cells, NK cells, and conventional and plasmacytoid dendritic cells were phenotyped

from freshly collected whole blood samples. In brief, 100 mL whole blood was stained with an antibody

cocktail (described in the key resources table) in BD TrucountTM Absolute Counting Tubes = for 15 min

at room temperature. Then, 900 mL 1X BD FACS Lysing solution (Cat: 349202; BD Biosciences) was added

to the tube and incubated for 15 min before acquiring the sample on a LSR II Fortessa (BD Biosciences) flow

cytometer. The data generated by flow cytometry were analyzed FlowjoTM 10.6.1 (Tree Star, Inc., Oregon,

USA). The events were gated based on forward and side scatter followed by marker expression.

Determination of vaccine-specific B cells by ELISpot

PBMCs were thawed and counted as described above. PBMCs were plated into four wells at 0.1 million

PBMCs per well, then incubated with IL-21 and separately exposed to the following conditions: unstimu-

lated negative control, vaccine-stimulated (0.3 mg/mL TIV) in duplicate, and anti-CD40 (Cat: MAB6321;

RnD Systems, Minnesota, USA) and CpG oligonucleotide (CpG ODN 2006, Cat: tlrl-2006; Invivogen, Cali-

fornia, USA) stimulated as a positive control. The PBMCs were stimulated for 22 h in a humidified 37�C CO2

incubator. Vaccine-specific IgG-secreting B cells were detected using a Human IgG ELISpot kitª (Cat:

3850-2H; Mabtech, Nacka Strand, Sweden) according to the manufacturer’s protocol. ELISpot plates

were read using an ImmunoSpot S5 Versa Analyzer (Cellular Technology Limited, Ohio, USA). The enumer-

ation of vaccine-specific IgG-secreting B cells was performed by averaging the number of spots detected

from duplicate vaccine-stimulated wells.

XBP-1 expression and stimulation measured by flow cytometry

Cryopreserved PBMCs were thawed using CryoThawTM (Medax International, Utah, USA). Uncapped cryo-

vials carrying frozen cell pellets were fitted into the device, which allows the transfer of the cells into a
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15 mL-conical tube containing warm RPMI media supplemented with 10% FBS during centrifugation. After

a second wash with cold media, PBMCs were counted and plated into 96-well plates for subsequent anti-

body staining (the specific antibodies used are listed in the key resources table). Antibody cocktails were

added to 1 million PBMCs and incubated for 20 min in the dark at 4�C. The cells were then washed with

staining buffer to remove any unbound antibodies. Then, the cells were fixed and permeabilized using a

Foxp3/Transcription Factor Staining Buffer Set (Cat: 00-5521-00, Thermo Fisher, California, USA). The

PBMCs were fixed for 30 min at 4�C, washed with Permeabilization buffer and then incubated with Perme-

abilization buffer for 10 min at 4�C before washing again. Antibodies against intracellular markers were

added to the cells and incubated for 30 min in the dark at 4�C. The cells were then washed twice with Per-

meabilization buffer to remove excess antibodies. The cells were then resuspended in staining buffer and

acquired on a flow cytometer (LSRII Fortessa).

For XBP-1 stimulation with tunicamycin, 500,000 PBMCs were plated into individual wells and incubated

with 5ug/mL tunicamycin from Streptomyces sp. (Cat: T7765-1MG; Sigma-Aldrich, Missouri, USA) for

24 h in a humidified 37�C incubator. Brefeldin A and Monensin (Cat: 00-4505-51 and 00-4506-51; Thermo

Fisher, California, USA) were added into the wells after 1 h of stimulation to inhibit protein transport for

intracellular staining. After stimulation, the cells were washed with PBS and stained with an antibody panel

(refer to the key resources table).

T cell polyfunctionality assay after vaccine and PMA stimulation

PBMCs were thawed and counted as described above and 500,000 PBMCs were plated per well. For

vaccine stimulation, PBMCs were incubated with VaxigripTM (Sanofi-Pasteur) at a 1:50 dilution and

CD107a-BV785 (Cat:563869; BD Biosciences, California, USA) for 24 h in a humidified 37�C incubator.

For PMA/Ionomycin (Cat: P1585/I0634, Sigma-Aldrich, Missouri, USA) stimulation (PMA: 10 ng/mL, Iono:

1 ug/mL), the PBMCs were rested in RPMI media for 20 h before incubation with stimulants for 4 h. Brefeldin

A and Monensin were added to the wells 1 h into the stimulation to inhibit protein transport. After stimu-

lation, the PBMCs were washed with PBS and stained for surface and intracellular markers (listed in the key

resources table).

PBMCs were incubated with surface antibodies (listed in the key resources table) for 20 min in the dark at

4�C. The cells were then washed with staining buffer to remove unbound antibodies. The PBMCs were

further fixed and permeabilized for 20 min at 4�C with BD Cytofix/Cytoperm (Cat: 554714; BD Biosciences,

California, USA) and then washed twice with 1X BD Permwash. Antibodies against intracellular markers

were added to the cells and incubated for 30 min in the dark at 4�C. The cells were then washed twice

with 1X BD Permwash to remove excess antibodies. Finally, the PBMCs were resuspended in staining buffer

and acquired on a flow cytometer (LSRII Fortessa).

Bile acid measurements

Bile acids were quantified from serum by Metabo-Profile Biotechnology (Shanghai) Co., Ltd., using ultra

performance liquid chromatography coupled with triple quadrupole mass spectrometry (UPLC-TQMS,

Massachusetts, USA) (Xie et al., 2015).

Microarray, differentially expressed genes (DEGs), blood transcriptional modules (BTM) and

ingenuity pathway analysis (IPA)

Total RNAwere isolated from PBMCs using themirVanaªmiRNA isolation kit (Cat: AM1560; Thermo Fisher

Scientific, California, USA). cDNA were generated and purified using a cDNA synthesis kit (Cat: K2561;

Thermo Fisher Scientific, California, USA). Gene expression was analysed by microarray on an Illumina hu-

man HT-12 V4.0 bead chip platform using a TargetAmpª Nano-g Biotin-aRNA Labeling Kit for Illumina

(Cat: TAN07908; Epicenter, Wisconsin, USA). The raw gene expression data output from Illumina Genome

Studioª (Illumina, California, USA) were exported in batches of 96 samples, pre and post normalization

(Eijssen et al., 2015). Quality control (QC) and data pre-processing were performed using clustering, den-

sity, correlation and MA plots, and completed using the Bioconductorª lumi and beadarray packages in R

software. The data were log2 transformed and normalized using the Robust Spline Normalization (RSN)

method specifically developed for Illumina beadchip microarray platform and available in the Lumi pack-

age version 2.39.3 (Bioconductor) (Du et al., 2008). Only probes that passed a detection p value of 0.05 in

90% of the subjects were retained. Differential gene expression across time points associated with the hu-

moral response (CR vs. IR responder status) was tested among genes modulated by the vaccination with a
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mixed model for repeated measurements using the subject as random factor and with time, response and

their interaction plus the batch number as fixed factors, in Array Studio software (OmicSoft QIAGEN�,

Cary, NC).

At the gene level for each time point (D2 vs D0, D7 vs D0, D28 vs D0), adjustment for multiple CR vs IR

testing was handled using the false discovery rate (FDR) approach of Benjamini-Hochberg at a nominal

level of 5% (Benjamini and Hochberg, 1995). This method reduces the the risk of false positives at the false

discovery rate only, which is appropriate for omic large datasets. The Benjamini-Hochberg critical value is

calculated for each p value using the (i/20)*0.2 formula where i = rank of p value. In heatmaps, the

D7-D0fold-changes, for both CR and for IR are represented.

Multi-probe sets in DEG lists were mapped to the HUGO gene symbol based on the lowest p value. Blood

transcriptional modules from Li et al. were derived using the tmod R package v0.44 (Weiner, 2018; Li et al.,

2014). The CERNO nonparametric test on genes ranked by p value (a variant of Fisher’s method for

combining probabilities) was used as detailed in the package documentation (Whitlock, 2005). This test

was also used to test the enrichment of the C7 immunologic gene sets collection of the Molecular Signa-

tures Database v6.2 (Liberzon et al., 2011, 2015). Sparse partial least squares regression of the HAI day-0

and day-28 titers of the three vaccine strains using the day-7 vs day-0 gene expression changes was imple-

mented using the R sPLS version 2.2.2 and mixOmics Bioconductor packages version 6.3.2 (Chung et al.,

2019; Rohart et al., 2017). The list of DEGs and associated expression fold-changes and p values was loaded

into IPA� software (Qiagen Bioinformatics, California, USA) , using the false discovery rate (FDR) at the level

of 15%. A standard core analysis was performed in IPA to identify the upstream regulators that might be

responsible for the gene expression changes observed between the two vaccine responder categories

(Krämer et al., 2014). The upstream regulator analysis is based on prior knowledge of expected effects be-

tween transcriptional regulators and their target genes stored in the Ingenuity� Knowledge Base.

Several steps were taken to validate the transcriptomic signature obtained in this study: a sparse partial

least square regression was performed using all three strain HAI titers at day 0 and day 28 as dependent

variables instead of the CR vs IR status, and the gene expression change from baseline as predictors.

This usage of the continuous HAI titer increase allows to test the robustness of the gene signature, as

the GMT observed in the elderly (16.8, 19.0 and 17.0 for Flu B, H3N2 and H1N1 strains respectively) are

much higher than the traditional four-fold thresholds in influenza guidelines. This comparison had a highly

significant overlap (hypergeometric test p value = 2.11.e�17; Figure S8).

QUANTIFICATION AND STATISTICAL ANALYSIS

Demographic parameters were compared between complete and incomplete responders by single-factor

ANOVA for numerical data and Fisher’s exact test for categorical data, respectively. Comparisons across

multiple time points within the same set of individuals were performed using the paired Mann-Whitney-

Wilcoxon U test. Spearman or Pearson’s correlation coefficients between measurements were computed

and the data were presented as scatterplots or as heatmap using the pheatmap R package version

1.0.10 (Kolde, 2019). Differences in the humoral response status were tested on raw or log-transformed

data at each time point using an analysis of covariance model with adjustment for sex and age; p values

were adjusted using the Benjamini-Hochberg method. Additional volcano plots of –log10 raw p values

versus effect size were produced to highlight any differences.

ADDITIONAL RESOURCES

The Immune Response to Influenza Vaccinations in Elderly Individuals. https://clinicaltrials.gov/ct2/show/

NCT03266237.
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