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Abstract 24 

Immunosenescence, the biological aging of the immune system, leads to dysregulated immune 25 

responses, increasing suscepebility to infeceons and reducing vaccine efficacy in older adults, as seen 26 

with flu vaccines. In contrast, the AS01-adjuvanted recombinant herpes zoster vaccine (RZV) maintains 27 

high and sustained efficacy, offering 82% proteceon against herpes zoster at 11-years post-vaccinaeon, 28 

in individuals over 50. To idenefy factors impaceng age-dependent vaccine efficacy, we conducted a 29 

randomized, pareally placebo-controlled clinical study. Young adults (18-35 years, n=84) were 30 

randomized 3:3:1:1 to receive either RZV, an inacevated quadrivalent seasonal influenza vaccine (IIV4), 31 

placebo for RZV or placebo for IIV4, while older adults (≥60, n=63) were randomized 1:1 to receive RZV 32 

or IIV4. RZV elicited robust anebody produceon, anegen-specific polyfunceonal CD4+ T cell responses 33 

and IFN-γ from PBMCs in both age groups, while IIV4 increased anebody responses, but induced fewer 34 

anegen-specific CD4+ T cells and no elevaeon of IFN-γ from PBMCs. Interesengly, RZV reduced systemic 35 

inflammaeon in older adults, parecularly aper the second injeceon. Baseline inflammaeon negaevely 36 

correlated with anebody produceon and IFN-γ response, especially aper RZV. Our findings suggest that 37 

RZV may help overcome immunosenescence, by enhancing cellular responses and poteneally 38 

decreasing systemic inflammaeon, deserving further invesegaeon into the underlying molecular 39 

mechanisms. 40 

   41 
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Introduc.on 42 

Vaccinaeon remains the most powerful and effeceve strategy for proteceon against poteneally severe 43 

infeceons. Over the years, various vaccine technologies have been developed, including live-44 

aqenuated, subunit, inacevated, and mRNA-based vaccines. Despite their disenct development 45 

methods, all vaccines share a common goal: to administer a less harmful dose or form of anegens to 46 

the host, enabling the immune system to recognize and build a robust, specific response to future 47 

exposure with the respeceve pathogen. Vaccines are esemated to have saved 154 million lives between 48 

1974 and 2024 (1) and conenue to protect countless individuals from severe diseases. However, 49 

vaccine effeceveness greatly varies across individuals and populaeons. 50 

Vaccine effeceveness is influenced by various factors, including host factors such as age, sex, and 51 

geneec background; perinatal factors such as maternal anebodies; and external factors, e.g., seasonal 52 

variaeons and past infeceons (2). Among these, aging is parecularly notable for its impact on vaccine-53 

induced immune responses. An aging innate immune system displays a bias towards myelopoiesis, yet 54 

shows impaired funceonal innate immune responses including lower capacity for phagocytosis, 55 

cytotoxicity, and reaceve oxygen species (ROS) produceon (3). In adapeve immunity, aging results in a 56 

decline of T and B cell responses and a reduced pool of naïve lymphocytes, which are esseneal for 57 

recognizing new anegens (4,5). This reduceon limits the ability of the immune system to respond to 58 

infeceons and diminishes the effeceveness of vaccines. Addieonally, memory T and B cells, which are 59 

esseneal for long-term immunity, experience funceonal decline, further compromising the immune 60 

response. Finally, circulaeng inflammatory protein concentraeons increase with age, contribueng to 61 

low-grade systemic inflammaeon and an increased suscepebility to age-related inflammatory disorders 62 

(6). 63 

All these changes result in higher suscepebility to infeceons and lower vaccine efficacy in older 64 

individuals. For instance, the efficacy of many vaccines, like those for SARS-CoV-2 and influenza, is 65 

generally lower in older adults than in young adults (7,8). According to a recent test-negaeve design 66 
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study, in which vaccinaeon status is compared between paeents who test posieve vs. negaeve for 67 

influenza, the effeceveness of the annual influenza vaccines against any influenza was 49% for children 68 

(<18 years), 37% for young adults (18–64 years), and 31% for older adults (≥65 years) (9). The most 69 

commonly used seasonal influenza vaccines consist of three or four inacevated viral strains, are non-70 

adjuvanted, and single-dose. Notably, the effeceveness of the seasonal influenza vaccine varies each 71 

year, partly depending on how closely the circulaeng strains match the strains included in the vaccine 72 

(10). Moreover, the segmented, negaeve-sense RNA genome of the virus allows geneec reassortment, 73 

which leads to anegenic drip and ship (11). These processes drive frequent and unpredictable changes 74 

in viral surface anegens, contribueng to reduced effeceveness of the vaccine within a given season.  75 

In contrast, an adjuvanted recombinant herpes zoster vaccine (RZV), licensed for use in 2017, has 76 

shown high efficacy in older adults. RZV, combining the recombinant glycoprotein E (gE) of the varicella-77 

zoster virus (VZV) with the adjuvant AS01B, has demonstrated 97.2% efficacy during a mean follow-up 78 

of 3.2 years, 90.9% efficacy at 7 years, and 82% at 11 years in preveneng herpes zoster in adults 50 79 

years and older (12–14). In people over 70 years of age, vaccine efficacy was 91.3% at 3.2 years aper 80 

immunizaeon (15). The vaccine is administered in two doses, separated by 2-6 months, it is well-81 

tolerated and with an acceptable safety profile for both young and older adults (16,17). It is unclear 82 

how RZV is able to achieve such high efficacy despite an immunosenescent state, but it is hypothesized 83 

that the adjuvant itself and the synergy between the adjuvant and anegen semulate a persistent 84 

response, even in immunocompromised or frail individuals (18). The molecular substrate of this effect 85 

is not yet known. 86 

To understand the molecular mechanisms and immunological pathways contribueng to age-dependent 87 

vaccine effeceveness, we conducted a randomized and pareally placebo-controlled vaccinaeon trial in 88 

young (18-35 years) and older (≥60 years) adults who received either IIV4, RZV, or a placebo. IIV4 is 89 

widely used in older populaeons but shows variable, age-dependent efficacy, making it suitable for 90 

studying reduced proteceon with age. In contrast, RZV remains highly effeceve in older adults, and 91 
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exploring the underlying mechanisms leading to high proteceon will give valuable informaeon into how 92 

it overcomes age-related decline in immune funceon. 93 

In this sub-study of the clinical trial, we evaluated the immunological differences between age groups 94 

by measuring immune cell subsets, neutralizing anebody eters, peripheral blood mononuclear cells 95 

(PBMC)-derived IFN-γ produceon and CD4+ T cell responses to the specific vaccine anegens, and 96 

concentraeons of circulaeng inflammatory proteins before and aper vaccinaeon. Finally, we explored 97 

how baseline systemic inflammaeon is associated with vaccine-induced immune responses.  98 

 99 

Results 100 

Safety data and par6cipant demographics 101 

84 young and 63 older adults were recruited. Following the inieal screening and informed consent 102 

process, parecipants were randomized into different study arms based on age and vaccine type, as 103 

illustrated in Figure 1A. Due to the extended period between the screening/randomizaeon and 104 

vaccinaeon visits (D0), some parecipants dropped out or withdrew their consent. Ulemately, 22 young 105 

and 31 older parecipants were immunized with RZV, while 30 young and 27 older adults received IIV4. 106 

Addieonally, 11 young adults in the Placebo-IIV4 and 11 adults in the Placebo-RZV were vaccinated 107 

with a placebo. The emeline, sample colleceon, and performed assays are summarized in Figure 1B. 108 

The demographics, comorbidiees and risk factors of the study cohort are presented in Table 1. As 109 

expected, older adults had more comorbidiees and risk factors, such as hypertension and chronic 110 

cardiovascular disease.  111 

Overall, both vaccines were well-tolerated, showing acceptable safety profiles in young and older 112 

parecipants. The most common local adverse reaceon (AR) within the first week aper vaccinaeon was 113 

pain at the injeceon site, while the most common systemic ARs were myalgia and faegue (Supp. Tables 114 

1, 2 and 3). Most of the ARs were rated mild or moderate by the study parecipants, whereas some 115 
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severe (grade 3) ARs were also reported (Supp. Tables 4, 5 and 6). These ARs typically resolved 116 

spontaneously within a week. Three serious adverse events (SAEs) were recorded during the study, 117 

which were road traffic accident (RZV-Young), atrial fibrillaeon (RZV-Old) and acute heart failure (RZV-118 

Old), the last SAE being fatal (Supp. Table 7). As the parecipants with atrial fibrillaeon and acute heart 119 

failure both had a prior history of similar condieons and were receiving related medicaeons, and the 120 

parecipant involved in the traffic accident did not develop any condieon that contributed to the 121 

accident, the SAEs were not considered related to the study vaccines. 122 

 123 

Baseline differences in immune parameters between young and older adults  124 

We first evaluated the immune system parameters in young and older adults before they received any 125 

study vaccinaeon. The numbers of white blood cells (WBCs), neutrophils, monocytes and lymphocytes 126 

were similar between the two age groups (Supp. Fig. 1A). Addieonally, the baseline concentraeons of 127 

ane-VZV gE anebodies and the hemaggluenaeon inhibieon (HAI) eters against the A/Victoria/H1N1 128 

and B/Phuket virus strains were also comparable in young and older adults (Supp. Fig. 1B- C). In 129 

contrast, the IFN-γ produceon of PBMCs from young adults was significantly higher aper a 7-day 130 

incubaeon with the IIV4 vaccines and gE anegen compared to that from older counterparts (Supp. Fig. 131 

1D). Lastly, many inflammatory proteins were significantly more abundant in the circulaeon of older 132 

individuals than young volunteers (Supp. Fig. 1E).  133 

 134 

IIV4-induced modula6on of immune cell numbers, HAI 6ters, an6gen-specific CD4+ T cells and IFN-γ 135 

produc6on in young and older adults 136 

Next, we analyzed changes in circulaeng immune cells aper IIV4 vaccinaeon compared to baseline (D0).  137 

In young adults, immune cell counts, except lymphocytes, increased one-day post-vaccinaeon (Figure 138 

2A).  Although lymphocyte numbers decreased on D1, they remained significantly elevated for the 139 
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remainder of the study, compared to baseline. WBC counts remained higher on day 180 compared to 140 

baseline, possibly due to the higher numbers of lymphocytes and monocytes. In older adults, changes 141 

were minimal (Figure 2B). Absolute cell counts aper IIV4 and placebo vaccinaeon are presented in 142 

Supp. Fig. 2A-C.  143 

Subsequently, we measured HAI eters against the viral strains in the 2021/2022 and 2022/2023 IIV4 144 

vaccines before and 60 days post-vaccinaeon. Both age groups showed a significant increase in ane-145 

A/Victoria/H1N1 eters, with a stronger rise in young adults (Figure 2C-D). Similarly, IIV4 also boosted 146 

ane-B/Phuket eters in both groups, and the fold induceon was not significantly different between the 147 

groups (Figure 2E-F). Notably, the fold HAI induceon to the A/Victoria/H1N1 and B/Phuket strains were 148 

significantly higher in older adults vaccinated with the IIV4 2021/2022 season compared to the 149 

2022/2023 season (Supp. Fig. 2D). 150 

Seroproteceon refers to an anebody eter of ≥1:40, a level associated with a 50% reduceon in influenza 151 

risk (19). In our study, 23% of young adults had HAI eters ≥40 to A/Victoria/H1N1 before vaccinaeon, 152 

which increased to 100% on D60. In older adults, the corresponding rates were 30% before vaccinaeon 153 

and 73% aper vaccinaeon. All young adults had eters ≥40 against B/Phuket both before and aper 154 

vaccinaeon. Among older adults, 93% had eters ≥40, rising to 100% aper receiving IIV4. 155 

For the A/Tasmania/H3N2 and B/Washington strains (present only in the IIV4 2021/2022), the HAI eters 156 

against A/Tasmania/H3N2 increased only in the young group, but seroconversion rates were extremely 157 

low in the two age groups (Supp. Fig. 2E-F). Both young and older adults showed significant anebody 158 

increases to B/Washington with similar fold changes (Supp. Fig. 2G-H). No notable changes were 159 

observed in anebody levels to the A/Darwin/H3N2 and B/Austria strains 60 days post-vaccinaeon 160 

(Supp. Fig. 2I).  161 

Previous studies have shown that pre-exiseng immunity, defined by the presence of specific anebodies 162 

before vaccinaeon, negaevely correlates with a fold anebody induceon following vaccinaeons like 163 

those for influenza, herpes zoster and pneumococcus (20–22). As expected, we observed a negaeve 164 



 8 

correlaeon between pre-vaccinaeon HAI eters and anebody response for A/Victoria/H1N1 and 165 

B/Phuket strains in young adults (Figure 2G). In the older group, a moderate-to-high negaeve 166 

correlaeon was also observed, though not significant for A/Victoria/H1N1 (Figure 2H).  As such, age 167 

may independently impact the relaeonship between pre- and post-vaccine responses. Addieonally, 168 

IFN-γ produceon in PBMCs aper 7-day incubaeon with IIV4 was similar before and aper vaccinaeon 169 

across all groups (Figure 2I). Subsequently, we explored the poteneal link between PBMC-derived IFN-170 

γ produceon and anebody response to IIV4. Fold induceon of A/Victoria/H1N1 HAI eters and IFN-γ 171 

responses were negaevely correlated at D60 in younger adults (Figure 2J).  172 

Lastly, we determined the frequency of anegen-specific acevated CD4+ T cells that express CD40L, IL-173 

2, TNF, and IFN-γ aper IIV4 in young and older adults (Supp. Fig. 3A-B). In general, the induceon of 174 

acevated anegen-specific CD4+ T cells by IIV4 was lower in older adults compared to the young 175 

individuals. CD40L was the most expressed marker upon incubaeon with the A/H1N1/Victoria strain. 176 

IIV4 led to a small but significant induceon of B/Phuket-specific CD4+ T cells that were posieve for 2 or 177 

3 markers. There was a significant increase in CD4+ T cells expressing all 4 markers (CD40L, IL-2, TNF, 178 

and IFN-γ) in response to A/H1N1/Victoria only in older adults, whereas such an increase to B/Phuket 179 

was observed only in young adults (Figure 2K). 180 

Overall, young adults showed higher anebody responses to IIV4, but the vaccine did not enhance IFN-181 

γ produceon from PBMCs in either age group. The vaccine induced polyfunceonal anegen-specific 182 

CD4+ T cells, although the cell frequencies were low, suggeseng the limited ability of IIV4 to boost 183 

cellular responses. 184 

 185 

RZV-induced modula6on of immune cell numbers, an6body concentra6ons, an6gen-specific CD4+ T 186 

cells and IFN-γ produc6on in young and older adults 187 

We characterized how RZV vaccinaeon affected immune cell counts aper the first and second doses. 188 

RZV induced greater fold changes in cell numbers than IIV4. Aper the first dose, both young and old 189 
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groups experienced temporary increases in WBCs, neutrophils and monocytes on day 1, with over 1.7-190 

fold increase in neutrophils (Figure 3A). Lymphocyte numbers decreased on D1 only in the young 191 

group. Similar changes occurred aper the second dose, with significant lymphocyte decreases on day 192 

1 (D61) in both groups, followed by a rise on D67 that stayed elevated unel at least D120 (Figure 3B). 193 

Absolute numbers of cells aper RZV and placebo vaccinaeons are presented in Supp. Fig. 4A-C. 194 

RZV vaccinaeon led to strong anebody produceon aper the first dose in both age groups (Figure 3C). 195 

The second dose further increased ane-VZV gE anebody levels, though the increase in young adults did 196 

not reach staesecal significance. Young adults showed a greater fold anebody increase only aper the 197 

first dose (Figure 3D). We also found that pre-vaccinaeon anebody concentraeons were negaevely 198 

correlated with a fold increase in anebodies aper RZV in both age groups (Figure 3E). The 199 

concentraeons of anebodies before the second vaccinaeon (D60) were negaevely associated with fold 200 

anebody increase aper the second vaccinaeon (Figure 3F). 201 

IFN-γ produceon aper gE anegen semulaeon increased significantly aper two RZV doses (D120) and 202 

remained elevated at D240, unlike the placebo, which had no effect (Figure 3G). Importantly, prior to 203 

RZV, IFN-γ response was detectable in 55% of the young parecipants, increasing to 92% aper the second 204 

dose (D120). In older adults, it increased from 20% at baseline to 77% on D120. No significant 205 

relaeonship was found between IFN-γ and anebody produceon following RZV exposure (Figure 3H).  206 

RZV induced a robust and significant increase in anegen-specific polyfunceonal CD4+ T cells in both 207 

age groups, with a lesser degree in the old (Supp. Fig 5). The second dose further increased the 208 

frequency of anegen-specific cells. CD40L was the most expressed marker to the anegen among the 4 209 

markers measured. CD40L+ IL-2+ TNF+ IFN-γ+ gE-specific CD4+ T cells had the highest frequency among 210 

other marker combinaeons and were significantly induced both aper the first and second RZV dose in 211 

young and older adults (Figure 3I). 212 

In summary, RZV elicited significant humoral and cellular responses in both young and older individuals. 213 

 214 
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The impact of IIV4 on circula6ng immune mediators 215 

We analyzed the impact of IIV4 and placebo on circulaeng inflammatory proteins using the Olink 96 216 

Target Inflammaeon Panel. At 60 days post-vaccinaeon, EN-RAGE levels decreased in both IIV4 placebo 217 

and young groups (Figures 4A-B). In older adults, IIV4 vaccinaeon increased inflammatory mediators 218 

such as TNFB, IL-6, CCL25, and TRAIL, while reducing AXIN1, STAMBP, and CD40 (Figure 4C, Supp. Fig. 219 

6A). Since older adults received either the 2021/2022 or the 2022/2023 season of the IIV4 vaccine, we 220 

analyzed the effect of these two vaccines separately. Interesengly, the 2021/2022 vaccine increased 221 

OSM and decreased EN-RAGE (Supp. Fig. 6B), while the 2022/2023 vaccine affected other proteins 222 

without impaceng OSM or EN-RAGE (Supp. Fig. 6C-D). These results suggest IIV4 has minimal impact 223 

on inflammatory proteins in young adults, but varies in older adults depending on the vaccine year. 224 

 225 

The associa6on between baseline inflamma6on and adap6ve immunity responses to IIV4 226 

The immune system's baseline status before vaccinaeon is crucial to prediceng vaccine responses (23). 227 

Thus, we examined the relaeonship between baseline inflammaeon levels as assessed by circulaeng 228 

proteins and the anebody/IFN-γ responses to vaccinaeon in both age groups combined and separately. 229 

In the IIV4 cohort, higher baseline inflammaeon was linked to lower fold increases in A/Victoria/H1N1 230 

and B/Phuket HAI eters, with proteins like CCL11, MCP-4, and HGF negaevely associated with anebody 231 

responses (Figure 5A-B).  232 

Age-specific analysis showed baseline inflammaeon negaevely linked to B/Phuket HAI responses in 233 

both age groups in general, while A/Victoria/H1N1 showed mixed associaeons (Supp. Fig. 7A-C). No 234 

significant overlapping proteins were found in young and older adults.  235 

Unlike neutralizing anebody eters, fold changes in IFN-γ were posievely correlated with baseline 236 

systemic inflammaeon when both groups were combined (Figure 5C-D). Higher baseline 237 

concentraeons of IL-10RA were however linked to lower IFN-γ increases in the young group (Supp. Fig. 238 
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7D). In older adults, baseline inflammatory proteins like MCP-4, IL-8, CXCL9, and CXCL10 were posievely 239 

associated with IFN-γ responses (Supp. Fig. 7E-F).  240 

Our results indicate that baseline inflammaeon is generally negaevely associated with anebody 241 

produceon and posievely linked with specific cellular IFN-γ responses to viral strains in IIV4. However, 242 

disenct paqerns were observed between age groups. 243 

 244 

The impact of RZV vaccina6on on circula6ng immune mediators 245 

Next, we analyzed the changes in circulaeng proteins aper placebo and RZV vaccinaeon. Following the 246 

first placebo injeceon, proteins like IL-17C, CXCL5, CXCL1, MCP-4, and MMP-1 increased, but only MMP-247 

1 remained elevated aper the second dose (Figure 6A-B, Supp. Fig. 8A). RZV had no notable influence 248 

on the invesegated proteins in young adults (Figure 6C-D). Interesengly, in older individuals, the first 249 

RZV dose reduced proteins such as MCP-1, MCP-4, CXCL5, and CXCL6, while the second dose broadly 250 

downregulated inflammaeon-related proteins like IL-10, TNF, IL-18R1, and TWEAK, among others 251 

(Figure 6E-F, Supp. Fig. 8B)  252 

These results suggest RZV reduces systemic inflammaeon in older adults. 253 

 254 

The associa6on between baseline inflamma6on and adap6ve immune responses to RZV 255 

Lastly, we evaluated the relaeonship between baseline inflammaeon and immune responses to RZV. 256 

Overall, higher levels of circulaeng immunomodulatory proteins were negaevely correlated with 257 

anebody responses, even aper two doses (Figure 7A-B). Proteins like HGF, IL-8, IL-10RA, CSF-1, and 258 

OPG were associated with lower anebody responses in both age groups. 259 
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Age-specific analysis showed stronger negaeve correlaeons in young adults, with proteins like CCL4 and 260 

CCL11 linked to lower anebody responses. In older adults, correlaeons were mixed; higher levels of 261 

CXCL9, CXCL10, and IFN-γ were associated with greater anebody induceon (Supp. Fig. 9A-C). 262 

Baseline concentraeons of circulaeng immune mediators were generally negaevely correlated with 263 

IFN-γ responses at D60 and D240 post-RZV, although some posieve associaeons emerged aper the 264 

second dose (D120/D0) (Figure 7C). Notably, higher baseline concentraeons of CD6 and MMP10 were 265 

moderately linked to reduced IFN-γ response to the gE anegen aper the first dose. In contrast, elevated 266 

CCL19 correlated with an increased IFN-γ fold change at D120 and D240 (Figure 7D).  267 

When the age groups were separated, different paqerns were observed (Supp. Fig 9D-E). In RZV-Young, 268 

higher TWEAK concentraeons consistently correlated with weaker IFN-γ responses (Supp. Fig. 9E). 269 

Mirroring the overall trend observed in the age-combined RZV group, baseline CD6 negaevely linked 270 

to IFN-γ response at D60 in the old group while CCL19 was posievely linked to IFN-γ at D120 and D240 271 

(Supp. Fig. 9F). 272 

Overall, baseline inflammaeon was negaevely associated with RZV-induced adapeve responses when 273 

age groups were combined. However, when analyzed separately, different correlaeon paqerns were 274 

seen, with older adults displaying a mix of responses, including more posieve associaeons. 275 

 276 

Discussion 277 

Aging substaneally impacts vaccine responses, with many vaccines being less effeceve in older adults. 278 

Adjuvants have been developed to address this by enhancing immune acevaeon and memory (24). In 279 

this study, we evaluated age-dependent differences in immune system responses to IIV4 and RZV. The 280 

results are summarized in Table 2. RZV induced strong anebody and IFN-γ responses in both age groups 281 

and reduced systemic inflammaeon in older adults. In contrast, IIV4 primarily increased neutralizing 282 

eters, stronger in young adults, but failed to induce effeceve cellular responses.  283 



 13 

These results align with previous reports of strong cellular and humoral responses induced by RZV in 284 

both age groups and weak or no cellular responses from seasonal influenza vaccines (17,25,26). 285 

Complemeneng previous findings, we found that both vaccines were well-tolerated with an acceptable 286 

safety profile in both age groups (13,27). Although this is a small cohort, it represents valuable 287 

informaeon, as safety data on RZV in young adults has been limited compared to older adults (28). 288 

The efficacy of vaccines is primarily mediated through the induceon of specific anebodies and T-cell 289 

responses. T-cell responses play a key role in figheng infeceons and providing long-term proteceon. For 290 

example, memory T cells are especially important in controlling varicella-zoster virus infeceons, which 291 

cause shingles (29). In addieon, anegen-specific CD4+ T cells and IFN-γ produceon from these cells 292 

have been linked to proteceon against influenza, but their numbers decrease significantly in older 293 

adults (30). IIV4's inability to enhance cellular responses likely contributes to its sub-opemal 294 

effeceveness. An important funceon of adjuvants is to enhance the T-cell memory response (31). For 295 

instance, AS01 in RZV contains two components: the TLR4 ligand monophosphoryl lipid A (MPLA) and 296 

saponin QS-21 derived from the Quillaja saponaria tree  (32). MPLA induces the produceon of pro-297 

inflammatory cytokines through the MyD88 pathway, while QS-21 acevates the inflammasome and IL-298 

18/IL-1b release. The synergisec effect of these two components is esseneal to achieve an opemal T-299 

cell response (33). Overall, AS01 triggers strong innate acevaeon in draining lymph nodes via 300 

monocytes/macrophages, dendriec cells, and NK cells and early release of IFN-γ in an IL-12/IL-18 301 

dependent manner (33,34).  302 

Clinical studies with AS01, such as those done with tuberculosis and malaria vaccines, demonstrated 303 

strong anegen-specific CD4+ T-cell responses and anebody produceon (35,36). In this study, we found 304 

an RZV-induced robust increase in polyfunceonal anegen-specific CD4+ T cells that express different 305 

combinaeons of CD40L, IL-2, TNF and IFN-γ in both age groups. Notably, T cell polyfunceonality is linked 306 

to proteceon by various vaccines, e.g., COVID-19 and yellow fever (37,38). Addieonally, CD4+ T-cell-307 

mediated immunity aper RZV was associated with beqer anebody responses for at least three years 308 



 14 

post-vaccinaeon (39). Because AS01 induces a robust and durable T cell response, its use could be 309 

further explored in vaccines targeeng pathogens where strong cellular immunity is esseneal, as well as 310 

in populaeons with weakened immunity, including immunocompromised or older individuals. 311 

Interesengly, the type and magnitude of immune responses induced by AS01-adjuvanted vaccines vary 312 

across different anegens, suggeseng that both the adjuvant and anegen contribute to forming the 313 

overall immunological profile (32). 314 

An important finding of our study is that both vaccines induce CD40L on anegen-specific CD4⁺ T cells. 315 

This is important because recent work shows that CD40-CD40L signaling does more than provide co-316 

semulaeon: it can program long-laseng funceonal changes in human monocytes, similar to trained 317 

immunity (40). We found that CD40L⁺ polyfunceonal CD4⁺ T cells are the main responding populaeon 318 

aper both IIV4 and RZV, and that these responses persist with aging, suggeseng that CD40–CD40L 319 

interaceons may be a common control point linking innate and adapeve immunity aper vaccinaeon. 320 

RZV, in parecular, induces high levels of CD40L⁺ IL-2⁺ TNF⁺ IFN-γ⁺ CD4⁺ T cells in both age groups. In 321 

contrast, weaker CD4⁺ T cell responses to IIV4 may reflect limited CD40-driven support, helping explain 322 

its lower cellular immunogenicity and reduced efficacy in older individuals. 323 

Intriguingly, both IIV4 and RZV modulated the circulaeng inflammatory proteins, parecularly in older 324 

individuals. We observed different effects of the IIV4 vaccines administered in Fall 2021 and Fall 2022 325 

on the proteins in the circulaeon of older adults, arguing for variaeon due to differences in the anegenic 326 

composieon of the vaccines. However, the absence of a placebo group for the 2022/2023 season and 327 

the relaevely small sample size limit the conclusions. Notably, RZV reduced several inflammatory 328 

proteins in older adults, with stronger effects aper the second dose. This age-dependent response may 329 

be due to the inherently lower baseline levels of inflammatory mediators in young adults. 330 

Consistent with previous studies, we found higher concentraeons of inflammatory markers in older 331 

adults than in young adults. This is likely partly due to the higher rates of comorbidiees and risk factors, 332 

such as hypertension and cardiovascular diseases (e.g. atherosclerosis) (41,42). Elevated 333 
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concentraeons of inflammatory mediators in older adults indicate a state of chronic, low-grade 334 

inflammaeon, commonly referred to as "inflammaging" (43). This persistent inflammaeon may impair 335 

the immune system's ability to mount a robust anegen-specific response upon vaccinaeon, possibly 336 

due to immune exhauseon or overacevaeon (44) due to conenuous semulaeon leading to diminished 337 

funceon and reduced responsiveness to new anegens. These mediators might also trigger regulatory 338 

feedback that weakens immune responses. Lowering systemic inflammaeon could prevent immune 339 

exhauseon and improve both innate and adapeve responses.  As an example, the BCG vaccine reduced 340 

systemic inflammaeon in a Dutch cohort of healthy parecipants, which was associated with trained 341 

immunity induceon -the capacity of innate immune cells to develop a memory-like response (45). 342 

Consistently, our study found a strong negaeve associaeon between inflammatory protein 343 

concentraeons in the blood and anebody fold increases in both vaccine groups. 344 

In our study cohort, baseline inflammaeon was generally negaevely correlated with PBMC-derived IFN-345 

γ response aper RZV, while it showed a posieve associaeon with IFN-γ response aper IIV4. Interesengly, 346 

in the older volunteers vaccinated with IIV4, higher circulaeng concentraeons of CXCL9, CXCL10, and 347 

IFN-γ were linked to higher IFN-γ produceon. In the old RZV group, higher CXCL9 and CXC10 were also 348 

correlated with greater anebody response. Since CXCL9 and CXCL10 are key chemokines involved in 349 

acevaeng NK cells and Th1 immunity, it is tempeng to speculate that they contribute to the enhanced 350 

type II interferon response observed aper vaccinaeon (46) and possibly to improved anebody 351 

produceon. As this study only idenefies associaeons but does not establish causaeon, future research 352 

should aim to understand beqer how these proteins affect vaccine responses, especially in different 353 

age groups. Addieonally, future studies should explore strategies to modulate inflammatory proteins 354 

prior to or during vaccinaeon, by improving or developing adjuvants, with the aim of enhancing vaccine 355 

efficacy, especially in older adults.  356 

This study demonstrated the moderate influence of IIV4 and RZV on immune cell subsets. IIV4 357 

significantly increased WBCs in young adults, driven by lymphocytes and monocytes numbers and 358 
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sustained unel D180, while older adults showed elevated lymphocytes only at D7.  On the other hand, 359 

RZV vaccinaeon caused transient but stronger changes in cell counts in both age groups. A temporary 360 

increase in neutrophil and monocyte numbers and infiltraeon to the injected muscle has been reported 361 

aper other vaccinaeons, suggeseng the immediate innate immune system acevaeon and response 362 

(47,48). The similar magnitude of changes in immune cell counts between young and older adults 363 

suggests that the AS01-adjuvanted RZV can achieve comparable inieal innate immune cell acevaeon in 364 

both age groups, supporeng its effeceveness (34).  365 

It is important to note that the RZV and RZV-associated placebo injeceons were administered during 366 

spring/summer (first and second dose), while IIV4 and IIV4-associated placebo injeceons were 367 

administered during fall. Seasonal variaeons are known to influence immune funceon and therefore 368 

vaccine-induced responses. Although the study design pareally accounted for this by including two 369 

young placebo groups vaccinated in either spring or fall, helping the control for background seasonal 370 

effects, we cannot undermine the impact of seasons on vaccine responses.  371 

A limitaeon of this study is that a placebo group was only available for young parecipants, while older 372 

adults are all vaccinated due to ethical consideraeons. As a result, direct comparisons between 373 

vaccinated and unvaccinated older individuals could not be made, and age-related differences in 374 

immune responses must therefore be interpreted with some caueon. Parecularly for IIV4, where 375 

vaccine responses are strongly influenced by prior influenza infeceons and vaccinaeon history, 376 

including an unvaccinated control group of older adults would have helped to beqer disenguish vaccine 377 

effects from those related to pre-exiseng immunity.  378 

In summary, this study highlighted the age-dependent vaccine responses following IIV4 and RZV 379 

exposure, focusing on cellular and humoral immunity, inflammatory mediators, and the influence of 380 

systemic inflammaeon prior to vaccinaeon. While RZV induced potent humoral and cellular immune 381 

responses while decreasing systemic inflammaeon in older adults, IIV4 was able to induce strong 382 

anebody produceon with weaker cellular responses. The incapacity of IIV4 to induce specific cellular 383 
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immune responses may contribute to its year-dependent sub-opemal efficacy. Our findings emphasize 384 

the role of adjuvants such as AS01 in enhancing vaccine responses in older adults, with modulaeng 385 

low-grade inflammaeon being a poteneal strategy. Further research is needed to explore the 386 

underlying transcripeonal and epigeneec mechanisms driving different vaccine responses by RZV 387 

compared to IIV4. Understanding the immunological pathways contribueng to increased vaccine 388 

immunogenicity could help refine exiseng adjuvants and develop new ones.  389 

 390 

Methods 391 

Sex as a biological variable 392 

Both males and females are included in the clinical study. Sex was considered as a confounder to 393 

invesegate the differences in vaccine responses in young and older individuals.  394 

 395 

Clinical study 396 

The volunteer recruitment in this single-center, randomized, pareally placebo-controlled, open-label 397 

study was conducted at and sponsored by the Radboud University Medical Center between September 398 

2021 and May 2023. Volunteers aged 18-35 and those 60 years or older were eligible to parecipate. 399 

Exclusion criteria were the use of systemic immunomodulatory drugs, acute or aceve illness within two 400 

weeks before the study, receipt of any vaccinaeon within four weeks before or aper the start of the 401 

study, receipt of a herpes zoster vaccinaeon in the past year, known allergy to the components of IIV4 402 

or RZV, being immunocompromised, and pregnancy or breas}eeding. Young female parecipants had 403 

to have a negaeve pregnancy test before parecipaeng. 404 

Aper signing the informed consent form, young parecipants were randomized to receive either IIV4, 405 

RZV, IIV4-associated placebo or RZV-associated placebo (3:3:1:1) (Figure 1A). Older parecipants were 406 
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randomized to receive either IIV4 or RZV (1:1); no placebo was administered to older individuals for 407 

ethical consideraeons, as these vaccines are recommended to this populaeon. Blood samples were 408 

collected at baseline and volunteers were vaccinated with either a placebo (0.9% NaCl solueon), IIV4 409 

(Fluarix Tetra, GSK, UK, 2021/2022 and 2022/2023 seasons), or RZV (Shingrix, GSK). IIV4 vaccinaeons 410 

took place between September and January during the influenza season, whereas RZV vaccinaeons 411 

were done between April-July 2022. Corresponding placebo groups were included in the same period. 412 

All vaccinaeons were administered in the morning between 08:00-12:00 as a 0.5 mL intramuscular 413 

injeceon into the deltoid muscle. The RZV and associated placebo groups received a second dose two 414 

months aper the first injeceon. Study parecipants were followed for 6 months aper the first visit in the 415 

IIV4 and associated placebo group and 8 months aper the first visit in the RZV and associated placebo 416 

group (6 months aper the second injeceon). The blood colleceon emes and read-outs for each eme 417 

point were given in Figure 1B. All adverse events and poteneal immune-mediated disorders were 418 

recorded throughout the study. Solicited adverse events recorded in paeent diaries within 7 days aper 419 

vaccinaeons and SAEs throughout the clinical study were reported in this manuscript. 420 

Of note, all young and 10 of the 27 older parecipants in the IIV4 group were vaccinated with IIV4 season 421 

2021/2022, while the remaining 17 older parecipants were injected with IIV4 season 2022/2023. These 422 

two vaccines had two common viral strains, which were the A/Victoria/2570/2019 IVR-215 H1N1 423 

(A/Victoria/H1N1 in the manuscript) and the B/Phuket/3073/2013 (B/Yamagata lineage), wild type 424 

(B/Phuket in the manuscript). Addieonally, the 2021/2022 season contained the A/Tasmania/503/2020 425 

IVR-221 H3N2 (A/Tasmania/H3N2 in the manuscript) and B/Washington/02/2019, (B/Victoria lineage), 426 

wild type (B/Washington in the manuscript), while the 2022/2023 season includes A/Darwin/6/2021 427 

IVR-227 H3N2 (A/Darwin/H3N2in the manuscript) and B/Austria/1359417/2021 BVR-26 (B/Victoria 428 

lineage), (B/Austria in the manuscript). 429 

 430 

Sample collec6on 431 
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Blood samples were collected by venipuncture into EDTA and serum tubes. To obtain plasma and serum 432 

from the EDTA and serum tubes, respecevely, blood was centrifuged for 10 minutes at 2700g at room 433 

temperature (RT). Serum was used for HAI and ane-gE anebody measurements, while plasma was used 434 

to measure protein concentraeons. All samples were stored at -80°C unel analysis. 435 

 436 

Measurement of immune cell counts 437 

The number of white blood cells, monocytes, neutrophils, and lymphocytes was determined from 438 

whole blood using a hematology analyzer (Sysmex, Japan). This analyzer operates on principles similar 439 

to those of a flow cytometer: it uses forward scaqer light to determine cell volume, side scaqer light to 440 

idenefy cell nuclei and granules, and side fluorescence to detect nucleic acids and organelles. 441 

 442 

HAI measurements 443 

Hemaggluenaeon inhibieon anebody eters were determined on sera before and 60 days aper 444 

vaccinaeon using the method derived from the WHO Manual on Animal Influenza Diagnosis and 445 

Surveillance (49). Measurements were conducted on thawed frozen serum samples with a 446 

standardized and validated methodology. Briefly, serum samples were treated with receptor-destroying 447 

enzyme (Sigma-Aldrich, USA, # C8772-1VL) overnight to remove non-specific serum inhibitors, diluted 448 

to 1:10, and serial diluted 2-fold in duplicate from 1:10 to 1:10240. Aper adding an equal volume of 449 

standardized virus (4 HAU / 25μL), neutralizaeon was performed for 1 hour at RT, followed by the 450 

addieon of the red blood cells. Of note, HAU stands for hemaggluenaeng unit, which is the highest 451 

dilueon of the virus causing complete hemaggluenaeon. Aper 60-120 minutes, plates were elted, and 452 

the HAI eter was defined as the reciprocal of the last serum dilueon that fully inhibits hemaggluenaeon 453 

as compared to an RBC control well. Each sera sample was tested in duplicate within the same assay. 454 
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The eter results were reported as the 1ometric mean eter of the duplicates. The assay posievity cut-455 

off value is 10 (1/dilueon) and is confirmed for each strain. 456 

 457 

An6-VZV gE an6body measurements 458 

Serum ane-glycoprotein E (gE) anebody concentraeons were measured from sera before vaccinaeon 459 

and 60 days aper each RZV vaccinaeon using a validated GSK in-house ELISA, with a technical cut-off of 460 

97 mIU/mL, as previously described (39). Of note, mIU, milli-internaeonal unit, is a standardized 461 

quanety of a biological acevity or effect. Briefly, GSK-produced, purified recombinant VZV gE was pre-462 

coated on a 96-polystyrene-well microplate at a 2 µg/mL final concentraeon. The wells were washed 463 

and blocked with bovine serum albumin. Diluted serum samples were added and incubated for one 464 

hour at RT. In the next step, the plates were washed again and goat anebodies against human IgG 465 

conjugated to horseradish peroxidase (a-IgG-HRP conjugate, KPL, ref. 214-1002) were added. Aper 466 

incubaeon for an hour at RT and subsequent washing, a chromogen-substrate solueon (3,3’,5,5’-467 

tetramethylbenzidine and hydrogen peroxide) was added. The reaceon was stopped with sulfuric acid 468 

and the opecal density was measured at 450 nm against the reference wavelength, which is 620 nm, 469 

using Emax microplate reader (Molecular Devices, USA).  470 

The assay was calibrated against the VZV World Health Organizaeon internaeonal reference. 471 

 472 

Peripheral blood mononuclear cells (PBMCs) isola6on  473 

Venous blood collected with EDTA tubes was diluted with PBS, and PBMCs were isolated using density 474 

gradient centrifugaeon with Ficoll-Paque (GE Healthcare, IL, USA) in SepMate tubes (Stemcell 475 

Technologies, Canada). Aper centrifugaeon at 1200g for 10 minutes, the upper layer containing PBMCs 476 

was collected and washed twice with cold PBS. The cells were suspended in RPMI 1640 Medium (Dutch 477 

modificaeon) (Thermo Fisher Scienefic, MA, USA) supplemented with 1 mM sodium pyruvate (Thermo 478 
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Fisher Scienefic), 2 mM GlutaMAX (Thermo Fisher Scienefic), and 50 µg/mL gentamicin (Centrafarm, 479 

Netherlands), and then counted using the hematology analyzer. Of note, the Dutch modified RPMI 480 

medium has HEPES and a lower concentraeon of sodium bicarbonate compared to a classical RPMI 481 

medium (1 g/L instead of 2 g/L). PBMCs were frozen at 20x106 cells/mL in the Recovery Cell Culture 482 

Freezing Medium (Thermo Fisher Scienefic) and stored at -150°C unel further use. 483 

 484 

Ex-vivo s6mula6on of cytokine produc6on 485 

Frozen PBMCs were thawed in a warm RPMI medium containing 10% calf serum (Capricorn Scienefic, 486 

Germany) and supplemented as described in the previous seceon. Aper washing the cells twice to 487 

remove the residual freezing medium, cells were resuspended in RPMI medium with 10% pooled 488 

human serum. The pooled human serum is prepared in-house at the Radboud University Medical 489 

Center, using the serum provided by the Department of Medical Microbiology. Each serum sample is 490 

tested on human PBMCs, and the ones inducing or reducing an immune response are excluded. The 491 

remaining samples are pooled to be used for experiments.  492 

Cells were counted and seeded into 96-well U boqom plates (Sarstedt, Germany) at a density of 5x105 493 

cells/well. PBMCs were semulated with 1 μg/mL of Fluarix Tetra (IIV4, 2021/2022 and 2022/2023 494 

season) and 4 μg/mL of the gE component of the Shingrix (RZV) or lep unsemulated. Following a 7-day 495 

incubaeon at 37°C, cell-free supernatants were collected. 496 

IFN-γ concentraeons in supernatants were measured using the IFN-γ DuoSet ELISA kits (R&D Systems, 497 

MN, USA), following the manufacturer’s instruceons. The same batch was used to perform ELISA for all 498 

samples, and the different eme points for each donor were measured on the same plate. Moreover, 499 

three control samples with known cytokine concentraeons were uelized in measurements to ensure 500 

that the reference standards worked correctly. The lower limit of deteceon (LLOD) for this assay was 501 

93.76 pg/ml. 502 
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 503 

An6gen-specific CD4+ T cell responses 504 

Anegen-specific T cell responses were measured by intracellular cytokine staining from PBMCs (50,51). 505 

In short, thawed PBMCs (106 cells/well) were semulated in 96-well plates either with the 506 

A/H1N1/Victoria strain (1 μg/ml), the B/Phuket strain (1 μg/ml), zoster gE– 15mer ov 11 pepedes pool 507 

(1.25 μg/ml) or lep unsemulated (medium only) as a negaeve control. Following 2 hours of incubaeon 508 

at 37°C, GolgiPlug™ brefeldin A solueon at 1/1000 final dilueon (BD, NJ, USA) was added for overnight 509 

to inhibit cytokine secreeon. Then, the cells were harvested, stained for surface markers (a viability 510 

dye, CD4 and CD8), fixed and permeabilized with the Cytofix/Cytoperm kit (BD) per manufacturer’s 511 

instruceons. Intracellular staining was performed using the following markers: CD40L, IL-2, TNF, IFN-γ, 512 

IL-13, IL-17 and 4-1BB. Aper washing with the Perm/Wash buffer (BD), cells were analyzed by flow 513 

cytometry. Live cells that were posieve for CD4+ 4-1BB+ and posieve for at least one of the four markers 514 

(CD40L, IL-2, TNF, IFN-γ) were quanefied. Since the expression of IL-13 and IL-17 was very low, these 515 

markers were not used for the analysis. The anegen-specific CD4+ T cell frequency was calculated as 516 

the difference between the frequency of CD4+ T cells semulated with the anegen and those semulated 517 

with medium alone. The frequency was expressed as the number of cells per 106 CD4+ T cells. The 518 

details of the anebodies used in the flow cytometry staining are given in Supp. Table 8. 519 

 520 

Proximity extension assay measurements of circula6ng inflammatory mediators 521 

Circulaeng proteins in the plasma were measured by proximity extension assay using the Olink Target 522 

96 Inflammaeon Panel, which includes 92 proteins. All eme points from the same parecipant were 523 

measured on the same plate to eliminate poteneal inter-plate variaeons in measurements and fold 524 

change calculaeons. Proteins were normalized based on the inter-plate controls, and expression levels 525 

were presented on a log2 scale called normalized protein expression (NPX).  526 
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18 of 92 proteins were excluded from the analysis due to a more than 20% missing data frequency. 527 

Following this, principal component analysis (PCA) was performed, and two apparent outliers were 528 

removed. The R package limma (v3.60.4) was then uelized to conduct differeneal expression analysis 529 

between the age groups and across different eme points within the same group. 530 

 531 

Sta6s6cal analyses 532 

This clinical trial was designed as an exploratory study, hence no formal sample size calculaeons were 533 

made.  534 

Data comparing young and older parecipants were adjusted for confounding variables sex and BMI. 535 

Comparisons between age groups were made using the Mann Whitney test, while comparisons within 536 

the same group across different eme points uelized the Wilcoxon signed rank test. When more than 537 

two eme points were compared, the Friedman test was applied. The baseline concentraeon of 538 

circulaeng proteins was correlated with fold changes in anebody concentraeons and IFN-γ responses 539 

using Spearman’s correlaeon. The staesecal methods applied to each graph are detailed in the figure 540 

legends. A p-value of less than 0.05 was considered staesecally significant. 541 

For staesecal tests and data visualizaeon, Prism (GraphPad Sopware Inc., version 10) and RStudio (Posit 542 

PBC, v4.4.1) were used. Dot plots were created with Prism (v10), while heatmaps and volcano plots 543 

were generated in RStudio using the pheatmap (v1.0.12), ggplot2 (v3.5.1) and ggrepel (v0.9.5) 544 

packages.  545 

 546 
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prior to inclusion. All experiments were conducted under the Declaraeon of Helsinki. The trial is 550 

registered at ClinicalTrials.gov with the idenefier NCT05082688. 551 
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Figures 708 

 709 

Figure 1: Summary of the clinical study and the 6me points of each assay.  710 

A) The flow diagram depicts the parecipant recruitment, randomizaeon, and number of people who 711 

started and finished the study. B) Vaccinaeon groups in the study and the eme points for each injeceon 712 

and experiment. 713 

 714 
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 715 

Figure 2: IIV4-induced changes in immune cell counts and adap6ve immune responses in young and 716 

older adults. 717 

Heatmaps showing the fold changes in immune cell counts aper IIV4 vaccinaeon to before vaccinaeon 718 

in the A) young and B) older groups. Fold changes at D1, D7, D60 and D180 were compared to D0, aper 719 

correceon for muleple teseng using the Benjamini-Hochberg method. The scale bar displays the fold 720 

change values, while the stars on the heatmap represent the FDR values. C) HAI eters and D) 721 

comparison of fold changes in anebody produceon against the A/Victoria/H1N1 strain. E) HAI eters 722 

and F) comparison of fold changes (D60/D0) in anebody produceon against the B/Phuket strain. 723 
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Spearman correlaeon between baseline HAI eters against the A/Victoria/H1N1 and B/Phuket strains 724 

and fold changes aper IIV4 vaccinaeon in G) young and H) older adults. I) IFN-γ produceon from PBMCs 725 

following a 7-day semulaeon with 1μg/ml of IIV4 2021/2022 and 2022/2023 seasons. PBMCs from each 726 

individual were semulated with the same season of the vaccine they received. J) Spearman correlaeon 727 

of fold IFN-γ response (D60/D0) and fold HAI eters (D60/D0) for the A/Victoria/H1N1 and B/Phuket 728 

strains. The scale bar indicates the correlaeon coefficient (r). K) The frequency of acevated (4-1BB+) 729 

CD4+ T cells per 106 CD4+ T cells that were posieve for CD40L, IL-2, TNF, and IFN-γ aper semulaeon 730 

with A/H1N1/Victoria and B/Phuket.  The y-axis values in panels C-F are displayed on a log2 scale, while 731 

those in panel I were shown on a log10 scale. The dashed lines on graphs in panels D and F indicate the 732 

threshold of seroconversion (a fold change of 4). Different eme points within the same group were 733 

compared using the Wilcoxon signed-rank test, while fold changes between young and older adults 734 

were compared using the Mann-Whitney test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 735 
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 736 

Figure 3: RZV-induced changes in immune cell counts and adap6ve immune responses in young and 737 

older adults. 738 

Heatmaps showing the fold changes in immune cell counts aper the A) first and B) second dose of RZV 739 

vaccinaeon. Fold changes at D1, D7, D60 were compared to D0, while those at D61, D67, D120 and 740 

D240 were compared to D60 using the Wilcoxon signed-rank test, with p-values corrected for muleple 741 

teseng using the Benjamini-Hochberg method. The scale bar displays the fold change values, while the 742 

stars on the heatmap represent the FDR values. C) Ane HZV gE anebody concentraeons and D) 743 
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comparison of fold changes (D60/D0 and D120/D0) aper RZV vaccinaeon in young and older 744 

individuals. E) Spearman correlaeon between baseline concentraeons of ane VZV gE anebodies and 745 

fold anebody response (D60/D0) aper RZV vaccinaeon. F) Spearman correlaeon between pre-second 746 

vaccinaeon (D60) ane VZV gE anebody concentraeons and fold anebody response (D120/D60) aper 747 

second dose. G) IFN-γ produceon from PBMCs following a 7-day semulaeon with the 4 μg/ml of the 748 

anegen (gE) in RZV H) Spearman correlaeon of fold IFN-γ responses (D60/D0 and D120/D0 and 749 

D240/D0) and fold anebody produceons (D60/D0 and D120/D0). The scale bar indicates the correlaeon 750 

coefficient (r). I) The frequency of acevated (4-1BB+) CD4+ T cells per 106 CD4+ T cells that were posieve 751 

for CD40L, IL-2, TNF, and IFN-γ aper semulaeon with the gE anegen in young and older adults.  The y-752 

axis values in panel C and G are displayed on a log10 scale, while those in panel D are shown on a log2 753 

scale. Different eme points within the same group were compared using Dunn’s muleple comparisons 754 

test, and fold changes between young and older adults were compared using the Mann-Whitney test.  755 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 756 

 757 

 758 
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 759 

Figure 4: IIV4-induced changes in circula6ng protein concentra6ons in young and older adults.  760 

Volcanos displaying the changes in proteins in the A) placebo group, B) young and C) older adults 60 761 

days post-vaccinaeon. Blue dots represent the significantly downregulated proteins aper vaccinaeon, 762 

while red dots show the significantly upregulated ones. A moderated t-test was used in the R package 763 

limma to compare protein concentraeons before and aper vaccinaeon. (nominal p-value<0.05).  764 
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 765 

Figure 5: Correla6on between circula6ng protein concentra6ons at baseline and IIV4-induced 766 

immune responses across combined age groups. 767 

A) Heatmap depiceng the associaeon between baseline concentraeons of circulaeng immune-related 768 

proteins and the fold anebody response (D60/D0) against the A/Victoria/H1N1 and B/Phuket strains 769 

following IIV4 vaccinaeon. B) Example correlaeon plots showing the relaeonship between CCL11 and 770 

MCP4 with the fold HAI eters to A/Victoria/H1N1 and B/Phuket. C) Heatmap illustraeng the correlaeon 771 

between baseline circulaeng immune-related proteins and the fold IFN-γ response (D60/D0 and 772 

D180/D0) from PBMCs aper a 7-day semulaeon with 1 μg/ml of IIV4. D) Example correlaeon plots of 773 

baseline CXCL10 levels with D60/D0 fold IFN-γ induceon, and IL-10RA with D180/D0 fold IFN-γ 774 

produceon. The Spearman correlaeon was used, the scale bars in panels A and C, along with the ”r” 775 
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values on the correlaeon graphs, represent the Spearman correlaeon coefficients. Stars on heatmaps 776 

indicate the nominal p-values. NPX: Normalized protein expression. *p<0.05, **p<0.01, ***p<0.001777 
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 778 

 779 

Figure 6: RZV-induced changes in circula6ng protein concentra6ons in young and older adults.  780 

Volcano plots displaying the changes in proteins in the A-B) placebo group, C-D) young and E-F) older 781 

adults aper the first or second dose of vaccinaeon compared to baseline (D0). Panels A, C and E exhibit 782 

the protein fold change aper the first dose (D60/D0), while panels B, D and F show the protein fold 783 

change aper the second dose (D120/D0). Blue dots represent the significantly downregulated proteins 784 

aper vaccinaeon, while red dots show the significantly upregulated ones. A moderated t-test was used 785 
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in the R package limma to compare protein concentraeons before and aper vaccinaeon.  (nominal p-786 

value<0.05).  787 

788 
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 789 

Figure 7: Correla6on between circula6ng protein concentra6ons at baseline and RZV-induced 790 

immune responses across age groups. 791 

A) Heatmap depiceng the associaeon between baseline concentraeons of circulaeng immune-related 792 

proteins and the fold anebody response (D60/D0 and D120/D0) following RZV vaccinaeon. B) Example 793 

correlaeon plots showing the relaeonship between baseline levels of HGF and IL-8 with the fold 794 

anebody response aper the first (D60/D0) and second dose (D120/D0). C) Heatmap illustraeng the 795 

correlaeon between baseline circulaeng immune-related proteins and the fold IFN-γ response 796 

(D60/D0, D120/D0 and D240/D0) from PBMCs aper a 7-day semulaeon with 4 μg/ml of the gE anegen 797 

in RZV. D) Example correlaeon plots of baseline MMP10 levels with D60/D0 fold IFN-γ, and CCL19 with 798 

D120/D0 and D240/D0 fold IFN-γ produceon. The Spearman correlaeon was used, the scale bars in 799 
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panels A and C, along with the ”r” values on the correlaeon graphs, represent the Spearman correlaeon 800 

coefficients. Stars on heatmaps indicate the nominal p-values. NPX: Normalized protein expression. 801 

*p<0.05, **p<0.01, ***p<0.001. 802 

  803 
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Tables 804 

Table 1: Demographics, comorbidiees, and reported risk factors of the study cohort. 805 

  RZV-Young 
(n=22) 

RZV-Old 
(n=31) 

RZV-
Placebo 
(n=11) 

IIV4-Young 
(n=30) 

IIV4-Old 
(n=27) 

IIV4-
Placebo 
(n=11) 

Age 23.7±4.2 69.0±5.3 21.9±2.8 22.9±3.9 68.3±4.9 21.8±3.2 

Sex, F (%) 
13 15 8 21 14 8 

59% 48% 73% 70% 52% 73% 

BMI 22.0±2.3 26.5±5.1 22.0±2.8 22.6±2.2 25.1±3.2 24.5±3.3 

Comorbidities (n, %) 

Chronic respiratory 
diseases 

  2 (6%) 2 (18%)   5 (19%)   

Chronic cardiovascular 
diseases 

  7 (23%)     2 (7%)   

Psychiatric diseases         4 (15%)   

Other diseases       

Eczema 1 (5%)      

Rhinitis     1 (4%)  

Polyneuropathy     1 (4%)  

Gout/hyperuricemia     1 (4%)  

IBS     1 (4%)  

Reported Risk Factors (n, %) 

Hypertension  10 (32%)   5 (19%)  

Hypercholesterolemia     2 (7%)  

Type II diabetes  1 (3%)     

PCOS     1 (9%)     1 (9%) 

  806 
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Table 2: Summary of the results 807 

 IIV4 RZV 

 Young Old Young Old 

Immune cell 
counts 

Strong increase up 
to 180 days post-

IIV4 

Temporary increase 
of lymphocytes 

Temporary but 
strong changes in 
cell populaeons 

Temporary but 
strong changes in 
cell populaeons 

HAI/an6-gE 6ters 

Strong increase to 
H1N1, moderate 

or low increase to 
other strains 

Strong increase to 
H1N1 (lower than 

young), low increase 
to other strains 

Strong increase Strong increase 

IFN-y produc6on No increase No increase Strong increase Strong increase 

Cell mediated 
immunity 

Increase in some 
polyfunceonal 

anegen-specific 
CD4+ T cell 
populaeons 

Weak or no 
induceon of 

polyfunceonal 
anegen-specific 

CD4+ T cell 
populaeons 

Strong increase 
in several 

polyfunceonal 
anegen-specific 

CD4+ T cell 
populaeons 

Strong increase 
in several 

polyfunceonal 
anegen-specific 

CD4+ T cell 
populaeons 
(lower than 

young) 

Circula6ng 
proteins No effect Vaccine year 

dependent effects 

Less 
inflammaeon 
compared to 

placebo 

Decreased 
systemic 

inflammaeon 

Baseline 
inflamma6on vs. 

an6body 
response 

Mainly negaeve correlaeons when age 
groups combined 

Mainly negaeve correlaeons when 
age groups combined 

Both posieve and 
negaeve 

associaeons 

Both posieve and 
negaeve 

associaeons 

Mainly negaeve 
correlaeons 

Both posieve and 
negaeve 

associaeons 

Baseline 
inflamma6on vs. 
IFN-y response 

Mainly posieve correlaeons when age 
groups combined 

Mainly negaeve correlaeons when 
age groups combined 

Both posieve and 
negaeve 

associaeons 

Mainly posieve 
correlaeons 

Mainly negaeve 
associaeons 

Both posieve and 
negaeve 

associaeons 
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