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Introduction

Clinical trials do not typically assess underlying molecular mechanisms of vaccine immunogenicity or reactogenicity. We evaluated the reactogenicity and immunogenicity of 4 mRNA vaccines and potential contributing mechanisms and identified shared and unique clinical and immunologic features.





Methods

This ongoing, open-label, phase 1 trial randomized healthy adults (18-75 years) to receive a single dose of mRNA-1273.222 (bivalent COVID-19), mRNA-1345 (RSV), mRNA-1010 (influenza), and FLUAD (active influenza comparator) or 2 or 3 doses of mRNA-1647 (CMV). The primary objective was to assess the safety and reactogenicity of each study vaccine, with humoral immunogenicity (neutralizing antibody [nAb] responses) as the secondary objective. This interim analysis reports safety and reactogenicity in all study vaccines and humoral immunogenicity in single-dose vaccines (mRNA-1273.222, mRNA-1345, mRNA-1010, and FLUAD). Exploratory objectives included antigen-specific T-cell responses after single-dose mRNA-1345 or mRNA-1273.222, and soluble mediators of inflammation and innate immunity following vaccination in single-dose vaccine groups and two doses of mRNA-1647.





Results

At the interim analysis data cutoff (February 1, 2023), 302 participants received 1 dose of the study vaccines. Reactogenicity exhibited a consistent trend across vaccine groups; most solicited local and systemic adverse reactions within 7 days were mild or moderate in severity. There were no deaths or serious, severe, or treatment-related adverse events leading to study discontinuation. At Day 29, nAb titers against vaccine-specific antigens increased 2- to 8-fold versus baseline for all single-dose vaccine groups. In an exploratory analysis, mRNA-1273.222 and mRNA-1345 induced antigen-specific Th1-biased CD4+ and CD8+ T-cell responses at Day 29. The cytokine response analysis showed increased levels of IFN-γ, IL-6, IL-2Ra, CXCL9, IP-10, MCP-2, and MIP-1β on Day 2 following vaccination, with generally greater increases observed with mRNA vaccines versus FLUAD. Regardless of age and across mRNA vaccine groups, peak serum levels of IL-1Ra and MCP-1/MCP-2 on Day 2 weakly correlated with systemic reactogenicity scores (correlation coefficient range: 0.15-0.27).





Conclusions

The 4 mRNA vaccines had acceptable reactogenicity, demonstrated changes in serum biomarkers of innate immune activation, and were immunogenic. This suggests that the observed reactogenicity of mRNA vaccines may be related to shared features of the mRNA platform (LNP platform).





Clinical trial registration

ClinicalTrials.gov, identifier NCT05397223.
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1 Introduction

Vaccines that elicit broadly protective and long-lasting immunity are needed to prevent severe outcomes from many pathogens, including respiratory and latent viruses. Compared with traditional vaccines (eg, DNA-based and live or attenuated viral vaccines), mRNA vaccines have several notable advantages, including rapid and scalable manufacturing, and ease of adaption to new antigen designs (1, 2). The acceptable safety profile, immunogenicity, and effectiveness of the mRNA-based COVID-19 vaccine, mRNA-1273 (Spikevax; Moderna, Inc., Cambridge, MA, USA) (3–7), has demonstrated the utility of such a platform for novel vaccine development. Additionally, a novel respiratory syncytial virus (RSV) mRNA vaccine (mRNA-1345) has been shown to be efficacious against RSV-lower respiratory tract disease and RSV acute respiratory disease in adults aged ≥60 years, with no evidence of safety concerns in a phase 3 trial (8); mRNA-1345 has been approved in the United States for the prevention of RSV in adults ≥60 years (9). Indeed, several other mRNA-based vaccine candidates are in clinical development, including those against cytomegalovirus (CMV; mRNA-1647), influenza (mRNA-1010), as well as combination vaccines (eg, mRNA-1083 against influenza and COVID-19) (10–12).

The underlying molecular mechanisms of vaccine immunogenicity or adverse reactions (reactogenicity) are infrequently assessed in vaccine clinical trials, which typically assess only vaccine-specific adaptive immune responses from peripheral blood samples collected at infrequent intervals. A comprehensive systems biology approach has been used primarily to define potential mechanistic correlates of protective immunity for several different vaccine platforms including attenuated virus, viral vector, adjuvanted recombinant protein, and conjugate vaccines, which have shared determinants of vaccine immunogenicity (13–18).

Although the mechanisms by which an mRNA-based vaccine stimulates the immune system have been previously studied (19), limited studies have examined whether there are any common or unique immune signatures that may be associated with or predictive of vaccine reactogenicity and immunogenicity for mRNA-based vaccines (20). Developing a better understanding of differences in the magnitude or patterns of change in biomarkers through in-depth characterization of innate and adaptive immunity induced by different mRNA-encoded antigens may help to identify characteristics common to mRNA vaccines as a class and lead to further improvements in mRNA vaccine efficacy and tolerability.

To this end, we initiated a phase 1, open-label, randomized, 2-part study to evaluate the safety, reactogenicity, and immunogenicity of modified mRNA vaccines in healthy adults and to investigate the potential mechanisms of both reactogenicity (solicited adverse reactions [ARs]) and immunogenicity using a systems biology approach. The vaccines included in this study have all progressed beyond phase 1 testing and include the COVID-19 mRNA-1273.222 (Original + BA.4/BA.5 bivalent, 1:1 mixed; approved for use as SpikeVax 2022/2023) and RSV mRNA-1345 vaccines, the seasonal quadrivalent influenza mRNA-1010 vaccine, and the CMV mRNA-1647 vaccine. mRNA-1273.222, mRNA-1345, and mRNA-1010 were evaluated for their ability to boost pre-existing vaccine- or virus-specific responses following a single vaccine dose. mRNA-1647 was evaluated as a 2- or 3-dose series in participants who were either CMV-seropositive or CMV-seronegative at baseline. The adjuvanted, enhanced seasonal quadrivalent influenza vaccine, FLUAD, served as a control for mRNA-1010. Age-related differences in vaccine responses were also explored. Herein, we report early results of the safety and immunogenicity, including immediate post-vaccination soluble biomarkers of inflammation, of each study vaccine.




2 Materials and methods



2.1 Trial design and participants

This ongoing, open-label, randomized, 2-part, phase 1 trial (NCT05397223) evaluated the safety, reactogenicity, and immunogenicity of mRNA-1273.222, mRNA-1345, mRNA-1647, mRNA-1010, and FLUAD (active influenza comparator) in healthy adults (18-75 years). The mRNA-1273.222, mRNA-1345, mRNA-1010, and FLUAD arms enrolled participants in 2 age cohorts (n=~30 each; 18-49 and 50-75 years); the 2 mRNA-1647 arms enrolled 30 participants (18-49 years) each (Figure 1).




Figure 1 | Study schema. Ag, antigen; BA.4/BA.5, Omicron-BA.4/BA.5; CMV, cytomegalovirus; D, Day; gB, glycoprotein B; FLUAD = adjuvanted (MF59), inactivated, quadrivalent seasonal influenza vaccine; HA, hemagglutinin; RSV, respiratory syncytial virus; WA, Wuhan-Hu-1 (Ancestral).



In Part 1, approximately 120 participants were randomly assigned (2:1:1) to receive either a single dose of mRNA-1345 (50 µg at Day 1), 2 doses of mRNA-1647 (100 µg/dose at Day 1 and Day 57), or 3 doses of mRNA-1647 (100 µg/dose at Day 1, Day 57, and Day 169); data for dose 3 were unavailable at the time of manuscript development. Participants randomly assigned to receive mRNA-1647 were stratified by CMV serostatus in a 2:1 ratio of seronegative to seropositive.

In Part 2, approximately 180 participants were randomly assigned equally to receive either a single dose of mRNA-1010 (50 µg), the active comparator FLUAD (60 µg), or mRNA-1273.222 (50 µg) (both mRNA-1010 and FLUAD were matched to the 2022-2023 Northern Hemisphere influenza strain).

Eligible participants met the age criteria at the time of consent and were in good health based on review of medical history and physical examination. Participants with recent vaccination (COVID-19, influenza) or recent infection with RSV, SARS-CoV-2, or influenza were excluded. Full eligibility criteria are included in the Supplementary Methods.

The protocol was approved by a central institutional review board. The study was conducted in accordance with the protocol, the principles of the International Council for Harmonization Good Clinical Practice guidelines, the Declaration of Helsinki, and national, state, and local laws/regulations. All participants provided written informed consent for participation in the study, including all evaluations and study procedures specified by the protocol.




2.2 Study objectives and endpoints

The primary objective was to evaluate the safety and reactogenicity of each study vaccine. The secondary objective was to evaluate the humoral immunogenicity (ie, geometric mean titer [GMT] and geometric mean fold rise [GMFR] of neutralizing antibody [nAb] responses) of the study vaccines at pre-specified time points (Supplementary Methods). Given the overarching exploratory nature of this study, multiple exploratory objectives were developed; preliminary antigen-specific T-cell responses following mRNA-1345 or mRNA-1273.222 vaccination were included in this report. In addition, pro-inflammatory and other soluble mediators of inflammation and innate immunity were assessed (Supplementary Methods).




2.3 Study vaccines and procedures

mRNA-1273.222 (50 µg) is a bivalent COVID-19 vaccine containing mRNAs encoding the cell membrane–associated SARS-CoV-2 spike glycoprotein (ancestral and omicron BA.4/5 variant) (21). mRNA-1345 (50 µg) is an RSV vaccine containing a single mRNA encoding membrane-anchored RSV-F glycoprotein, derived from an RSV-A strain, and stabilized in the preF conformation (8). mRNA-1647 (100 µg) is a CMV vaccine comprising 6 mRNA sequences: 1 mRNA encodes the full-length glycoprotein B (gB), and 5 mRNAs encode the pentameric subunits gH/gL/UL128/UL130/UL131A (22). mRNA-1010 (50 µg) is a quadrivalent seasonal influenza vaccine encoding membrane-bound hemagglutinin (HA) surface glycoproteins of 4 influenza strains (A/H1N1, A/H3N2, B/Victoria, and B/Yamagata) recommended by the World Health Organization for cell- or recombinant vaccines or the northern hemisphere 2022-23 influenza season (23). All 4 mRNA vaccines are lipid nanoparticle (LNP)–encapsulated and have similar LNP formulations and amounts of constituents. The difference in each mRNA vaccine is the vaccine antigen and the antigen dose. FLUAD (60 µg) is a licensed, adjuvanted (MF59), inactivated, quadrivalent seasonal influenza vaccine. All study vaccines were administered as an intramuscular injection (0.5 mL). Participants were followed for ≥12 months after the last vaccine dose.




2.4 Safety assessments

Safety assessments included solicited local and systemic ARs within 7 days of vaccine administration, unsolicited adverse events (AEs) within 28 days of each vaccine administration, and medically attended adverse events (MAAEs), serious adverse events (SAEs), adverse events of special interest (AESIs), and AEs leading to study withdrawal from Day 1 to the end of the study. Solicited ARs were recorded by patients using eDiaries.

Solicited local ARs included injection site pain, erythema, and swelling/induration; solicited systemic ARs included fever, headache, fatigue, myalgia, arthralgia, nausea-vomiting, axillary swelling or tenderness on the same side as injection, and chills. Solicited ARs were graded as grades 1 through 4; additional information is provided in the Supplementary Methods.




2.5 Immunogenicity assessments

Blood samples were collected to evaluate the humoral immunogenicity elicited following study vaccination (Figure 1, Supplementary Methods). Immunogenicity results are presented for the mRNA-1345, mRNA-1273.222, and mRNA-1010 study arms; humoral and cellular immunogenicity data collection is ongoing for the mRNA-1647 study arm (through 1 year after the last vaccine dose) and will be reported separately in due course. Immunogenicity assessments were performed using a microneutralization assay (mRNA-1345), a pseudovirus neutralization assay (mRNA-1273.222), and the HA inhibition (HAI) assay (mRNA-1010). Results are presented as GMT or geometric mean concentration (GMC) and GMFR (the geometric mean ratio of post-baseline/baseline titers). T-cell analysis using intracellular cytokine staining was performed using data from a randomized subset of 30 participants in the mRNA-1345 group, divided equally by age cohort, and using data from 57 participants in the mRNA-1273.222 group.




2.6 Multiplex cytokine analysis

Serum cytokines, chemokines, and other soluble biomarkers of innate immune activation were analyzed using the Luminex xMAP® and/or Quanterix Simoa™ platform (Rules Based Medicine, Austin, TX). For the Luminex xMAP® analysis, the target cytokine-specific capture antibody was conjugated covalently to a unique set of microspheres. The capture antibody-coupled microspheres were incubated with serum samples for the assay-specific capture antibody on each microsphere to bind to the cytokine of interest. A cocktail of biotinylated detecting reagents was added to the microsphere, followed by a streptavidin-labeled fluorescent “reporter” molecule. The microsphere mixture was analyzed using the Luminex 200™ instrument to determine the concentration of cytokines.

For the Quanterix Simoa™ analysis, the capture antibody conjugated paramagnetic beads were incubated with standards, serum samples, and biotinylated detection antibodies. After washing, the beads were incubated with streptavidin-ß-galactosidase, followed by loading into the Simoa Disc with enzyme substrate, resorufin ß-galactopyranoside. The fluorescence signals were compared with the standard curve, and the quantity of target cytokine was determined for each sample.




2.7 Statistical analysis

There was no formal hypothesis testing. Overall, the plan was to enroll 300 participants into the study; this sample size was considered sufficient to provide a descriptive summary of the safety, reactogenicity, and immunogenicity of the study vaccines.

All analyses and data summaries/displays were performed by vaccination arm and for the total population (where applicable) unless otherwise specified; data are presented as categorical variables, frequencies, and percentages. Continuous variables were summarized using descriptive statistics (number of participants, mean, median, standard deviation, minimum, and maximum). All safety analyses were descriptive in nature. For the immunogenicity assessments, seroresponse rate (SRR) from baseline and 2-sided 95% confidence intervals (CIs) were determined using the Clopper-Pearson method at each post-baseline time point. The geometric mean of specific antibody titers with corresponding 95% CIs at each time point and the GMFR of specific antibody titers with corresponding 95% CIs at each post-baseline time point compared with pre-injection baseline at Day 1 were calculated by vaccination arm. For the analysis of mRNA-1010 and FLUAD, the SRR was defined as the proportion of participants with either a pre-vaccination HAI titer <1:10 and a post-vaccination HAI titer ≥1:40 or a pre-vaccination HAI titer ≥1:10 and a minimum 4-fold rise in post-vaccination HAI antibody titer. SRR for humoral immunogenicity (functional and binding antibody titer) was defined as the proportion of participants with a change in the Day 29 (mRNA-1273.22, mRNA-1345) titer of a ≥4-fold rise from baseline. Peak cytokine dynamic was defined as the log2 transformed ratio between peak post-baseline cytokine (Day 2) response and baseline (ie, log2[post/baseline]). Area under the curve (AUC) of cytokine response over time was calculated based on the trapezoidal rule. The normalized AUC (nAUC) was calculated as the AUC divided by the time range in days. Associations between cytokine response and reactogenicity were quantified via Spearman’s correlation coefficients (rho 0.0-0.39 classified as low, 0.40-0.59 moderate, and 0.60-1.0 strong) and examined for statistical significance. Reactogenicity scores were calculated by adding all toxicity grades per AR occurring within 7 days of vaccination administration. The local symptom score was derived by summing all local AR scores; the systemic symptom score was derived by summing all systemic AR scores. Analyses were performed using SAS®, version 9.4. Further information on the analysis populations can be found in the Supplementary Methods.





3 Results



3.1 Participants

At the interim analysis of this phase 1 trial (data cutoff February 1, 2023), a total of 308 participants were enrolled and were randomly assigned to receive 1 of the study vaccines. Participants received a single dose of mRNA-1345 (n=61), mRNA-1273.222 (n=60), mRNA-1010 (n=60), or FLUAD (n=59) (Supplementary Figure S1). In the mRNA-1647 group, 62 participants were randomly assigned and received the first dose; 57 and 24 participants received the second and third doses, respectively. Across all groups, 25 participants discontinued the study; no participant discontinued due to safety reasons. Among participants scheduled to receive >1 study vaccine dose (combined mRNA-1647 groups), 7 of 62 (11.3%) discontinued the study vaccine following the first or second injection. The most common reasons for study and vaccine discontinuation were lost to follow-up and participant withdrawal of consent (Supplementary Figure S1).

Across all groups, the mean age was 44.5 (range, 18-73) years; 182 participants were in the group aged 18 to 49 years and 120 participants were in the group aged 50 to 75 years (Table 1). Most participants were White (74.8%) and 59.6% were female. Across all groups, more than half of the participants were CMV-positive at baseline. Demographic characteristics between the mRNA-1010 and FLUAD groups were well matched.


Table 1 | Participant baseline demographics and CMV serostatus (safety set).






3.2 Safety



3.2.1 Solicited local adverse reactions

The participant incidence of solicited local ARs ranged from 55.9% to 72.9% across single-dose groups (mRNA-1345, mRNA-1273.222, mRNA-1010, and FLUAD; Figure 2A) and was 72.6% and 75.4% after the first and second mRNA-1647 injection, respectively (Figure 2B). Injection site pain was the most frequently reported solicited local AR for both single-dose (51.7%-72.9%) and mRNA-1647 groups (67.7%, 75.4%). All solicited local ARs were grade 1 or 2 in the mRNA-1345, mRNA-1273.222, and mRNA-1010 groups. In general, local ARs were more common after mRNA-1273 than the other groups but most were grade 1. Grade 3 solicited local ARs occurred in 1 participant in the FLUAD group and in 4 participants in the mRNA-1647 group (dose 1, n=1; dose 2, n=1; dose 3, n=2). No grade 4 solicited local ARs were reported. The incidence of solicited local ARs was higher among participants aged 18 to 49 years compared with those aged 50 to 75 years in the mRNA-1273.222 (79.3% vs 64.5%) and mRNA-1010 groups (66.7% vs 56.7%) and was lower in the mRNA-1345 (53.1% vs 58.6%) and FLUAD groups (51.7% vs 60.0%) (Supplementary Table S1). In the combined mRNA-1647 groups, the incidence of solicited local ARs was similar after dose 1 and dose 2 (72.6% and 75.4%). The incidence of solicited local ARs was lower among CMV-seropositive than CMV-seronegative participants after both the first (66.7% vs 75.6%) and second (66.7% vs 79.5%) doses (Supplementary Figure S2, Supplementary Table S2).




Figure 2 | Solicited local and systemic ARs within 7 days of vaccination in (A) the single-dose and (B) the 2-and 3-dose groups. Data for the single-dose groups (A) are representative of the first injection solicited safety sets for mRNA-1345, mRNA-1273.222, mRNA-1010, and FLUAD. Data for the 2- and 3-dose mRNA-1647 groups (B) were combined and are shown by dose in the first injection solicited safety set (dose 1) and second injection solicited safety set (dose 2) for mRNA-1647. *All grade 4 events were fevers and were the result of self-reported data entry errors and are reported verbatim as recorded in the eDiary. AR, adverse reaction.



Characteristics of solicited local ARs following the first injection are summarized in Supplementary Table S3; median duration ranged from 2 to 3 days for the mRNA groups and was 1 day for the FLUAD group.




3.2.2 Solicited systemic adverse reactions

The participant incidence of solicited systemic ARs ranged from 43.3.% to 62.7% across single-dose groups (mRNA-1345, mRNA-1273.222, mRNA-1010, and FLUAD; Figure 2A) and was 56.5% and 61.4% after the first and second mRNA-1647 injection, respectively (Figure 2B). In general, solicited systemic ARs were reported less frequently and were of lower severity in the mRNA-1345 group compared with the other vaccine groups. Across all groups, the most frequently reported solicited systemic ARs were headache, fatigue, and myalgia. The majority of solicited systemic ARs were grade 1 or 2. Grade 3 solicited systemic ARs were reported by 8 participants in the single-dose groups combined, most frequently in the FLUAD group (n=4). In the combined mRNA-1647 groups, 9 participants experienced grade 3 solicited systemic ARs (after dose 1, n=3; after dose 2, n=3; after dose 3, n=3). There were 3 grade 4 solicited systemic ARs that were a result of self-reported data entry errors (mRNA-1345 group, n=2; mRNA-1647 group, n=1 [after dose 1]). The participant incidence of solicited systemic ARs among adults aged 18 to 49 years compared with those aged 50 to 75 years was lower in the mRNA-1345 group (37.5% vs 48.3%), higher in the mRNA-1010 group (60.0% vs 53.3%), and similar in the mRNA-1273.222 (62.1% vs 61.3%) and FLUAD (44.8 vs 43.3%) groups (Supplementary Table S1). In the mRNA-1647 group, the participant incidence of solicited systemic ARs after dose 1 and dose 2 was similar (56.5% and 61.4%); however, the proportion of participants experiencing headache, fatigue, myalgia, arthralgia, and chills was higher after dose 2 than after dose 1 (>10% difference; Supplementary Figure S2).

Characteristics of solicited systemic ARs following the first injection are summarized in Supplementary Table S3; the median duration ranged from 1 to 2 days for the mRNA groups and was 2 days for the FLUAD group.




3.2.3 Unsolicited adverse events

Within 28 days after injection, TEAEs occurred in 13.1% of participants in the mRNA-1345 group, 18.3% in the mRNA-1273.222 group, 8.3% in the mRNA-1010 group, 25.4% in the FLUAD group, and 40.3% in the mRNA-1647 groups combined (Supplementary Table S4). There was a total of four grade ≥3 TEAEs, consisting of 1 event of ischemic stroke in the mRNA-1345 group, 1 event each of COVID-19 pneumonia and osteoarthritis in the FLUAD group, and 1 event of appendicitis in the mRNA-1647 groups combined; none of these events were considered treatment-related.

Treatment-related TEAEs occurred in 1 of 61 participants (1.6%) in the mRNA-1345 group, 4 of 60 (6.7%) in the mRNA-1273.222 group, 0 of 60 (0%) in the mRNA-1010 group, 1 of 59 (1.7%) in the FLUAD group, and 15 of 62 (24.2%) in the mRNA-1647 group (Supplementary Table S5).

There were no AESIs, treatment-related severe TEAEs, or treatment-related SAEs. There were no deaths and no serious, severe, or treatment-related AEs leading to discontinuation from the study or the study vaccine.





3.3 Immunogenicity



3.3.1 Humoral immunogenicity



3.3.1.1 mRNA-1273.222

After a single mRNA-1273.222 injection, nAb concentration against all SARS-CoV-2 variants increased from baseline at Day 8, peaked at Day 15, and remained above baseline at Day 29 for both age groups (Figures 3A–C). The increase in nAb responses was similar between the younger and older age groups. GMCs were lower for omicron-BA.1 and omicron-BA.4/5 compared with the ancestral variant (Figures 3A–C). Antibody concentrations by SARS-CoV-2 serostatus are shown in Supplementary Figure S3 and Supplementary Results. SRR values are shown in Supplementary Table S6 and Supplementary Results.




Figure 3 | Antibody levels for participants vaccinated with mRNA-1273.222 and mRNA-1345 by age group against (A) ancestral; (B) omicron BA.1; (C) omicron BA.4/5; (D) RSV-A (VR-1540); (E) RSV-B (per-protocol set). CI, confidence interval; GMFR, geometric mean fold rise, GMT, geometric mean titer; LLOQ, lower limit of quantification; nAb, neutralizing antibody; ULOQ, upper limit of quantification. aLLOQ: 10, ULOQ: 111,433. bLLOQ: 8, ULOQ: 41,984. cLLOQ: 103, ULOQ: 28,571. dLLOQ: 9.94332, ULOQ: 190,682. eLLOQ: 5.5488, ULOQ: 135,524. Antibody values reported as below the LLOQ are replaced by 0.5× LLOQ. Values greater than the ULOQ are converted to the ULOQ. For baseline (Day 1), GMT with 95% CIs were estimated using a t-test. For post-baseline time points, GMTs with 95% CIs were estimated based on a mixed model for repeated measures, with baseline log10 titer and day as fixed effects and participant as a random effect. Participants missing SARS-CoV-2 serology sample test results at baseline were excluded from the figure.






3.3.1.2 mRNA-1345

After a single dose of mRNA-1345, neutralizing antibody titers against RSV-A and RSV-B for both age groups were boosted at Day 8, peaked at Day 15, and remained high at Day 29 (Figures 3D, E). Peak GMTs were generally higher in younger adults. (Figures 3D, E and Supplementary Results). SRR values are shown in Supplementary Table S7 and Supplementary Results.




3.3.1.3 mRNA-1010 and FLUAD

After a single injection of mRNA-1010 or FLUAD, anti-HA antibody levels were boosted at Day 8, peaked at Day 15, and remained elevated at Day 29 for all strains assessed, in both age groups (Figures 4A, B). Post-vaccination titers tended to be highest against A-H1N1 compared with the other influenza strains. GMTs and GMFRs were similar following a single dose of mRNA-1010 or FLUAD vaccination and were generally higher in the younger group compared with the older group (Figures 4A, B). GMTs and GMFRs were generally higher in the younger group compared with the older group (Figures 4A, B). SRRs at Day 29 were similar between the mRNA-1010 and FLUAD groups except for B/Victoria which was lower in the mRNA-1010 group (Supplementary Table S8). A similar trend was observed in both the younger and older cohorts.




Figure 4 | Anti-HA antibody levels by age group in the (A) mRNA-1010 group; (B) FLUAD group (per-protocol set). A-H1N1, A/Wisconsin/588/2019 (H1N1)-like virus; A-H3N2, A/Darwin/6/2021 (H3N2)-like virus; B/Vict, B/Austria/1359417/2021 (B/Victoria lineage)-like virus; B/Yam, B/Phuket/3073/2013 (B/Yamagata lineage)-like virus; CI, confidence interval; GMFR, geometric mean fold rise; GMT, geometric mean titer; HA, hemagglutinin; LLOQ, lower limit of quantification; ULOQ, upper limit of quantification. aAntibody values reported as below the LLOQ are replaced by 0.5× LLOQ. Values greater than the ULOQ are converted to the ULOQ. For baseline (Day 1), GMTs with 95% CIs were estimated using a t-test. For post-baseline time points, GMTs with 95% CIs for mRNA-1010 and FLUAD groups were estimated based on a mixed model of repeated measures, with baseline log10 titer, vaccination group, day, and vaccination group by day interaction as fixed effects and participants as a random effect. Participants missing influenza serology sample test results at baseline were excluded from the figure. Influenza A H1N1 antibody (titer): LLOQ: 10, ULOQ: 1280; influenza A H3N2 antibody (titer): LLOQ: 10, ULOQ: 2560; influenza B/Victoria-lineage (titer): LLOQ: 10, ULOQ: 640; influenza B/Yamagata-lineage (titer): LLOQ: 10, ULOQ: 2560.







3.3.2 Cellular immunogenicity



3.3.2.1 mRNA-1273.222

In the combined age cohort, a single dose of mRNA-1273.222 increased preexisting antigen-specific CD4+ and CD8+ T-cell responses from baseline through Day 29 to the omicron-XBB.1.5 (Figure 5A) and ancestral and omicron-BA.4/5 variants (Supplementary Figure S4A). At baseline, CD8+ T-cell responses were lower compared with CD4+ T-cell responses but showed a greater increase at Day 29 post-vaccination to all strains tested (Figure 5A, Supplementary Figure S4A).




Figure 5 | Cellular immunogenicity against omicron-XBB.1.5 following vaccination with mRNA-1273.222. (A) Overall T-cell responses (age groups combined); (B) CD4+ Th-specific and CD8+ T-cell responses by age group. CD4+ and CD8+ T-cell subsets were gated on CD69+ and IFN-γ; assays used were research grade. Each graph represents the sum of the S1 and S2 peptide pools, which collectively comprise the spike protein. N=57 participants/time point. All data was background subtracted from the DMSO control. CD, cluster of differentiation; DMSO, dimethyl sulfoxide; IFN-γ, interferon-γ; IL, interleukin; IQR, interquartile range; LLOQ, lower limit of quantification; S, spike protein subunit; Th1, type 1 helper T cell; Th2, type 2 helper T cell; TNF-α, tumor necrosis factor-α. Th-specific T-cell responses by age group represent the sum of the S1 and S2 peptide pools, which collectively comprise the spike protein. Data are representative of 57 participants per time point. Data were background subtracted from the DMSO control and the assay LLOD was set to 0.005. The solid black data points represent boxplot outliers.



At Day 29 post-vaccination with mRNA-1273.222, CD4+ T-cell responses were largely T helper (Th)1–directed (expressing interferon [IFN]-γ, tumor necrosis factor [TNF]-α, interleukin [IL]-2, and CD40L [costimulatory molecule]). Increases in the frequencies of CD8+ T-cell response were observed in both younger and older adults in response to stimulation with spike peptides from the omicron-XBB.1.5 variant (Figure 5B) and ancestral and omicron-BA.4/5 variants (Supplementary Figure S4B). Additionally, a marginal CD4+ Th2-directed response (expressing IL-4 and IL-13) was observed through Day 29 in both age cohorts in response to spike peptide stimulation (Supplementary Figure S4B).




3.3.2.2 mRNA-1345

Among mRNA-1345 recipients included in the T-cell analysis (n=30), the percentage of IFN-γ–positive RSV preF-specific CD4+ or CD8+ T-cells was low or undetectable prior to vaccination (Day 1) (Supplementary Figure S5). The percentage of IFN-γ–positive RSV preF-specific CD4+ or CD8+ T cells increased from baseline at Day 8 post-vaccination, peaked at Day 15, and remained above baseline through Day 91 (Supplementary Figure S5A). Peak CD4+ T-cell responses were numerically lower in older adults (50-75 years) than younger adults (18-49 years), although relative increases were greater in the former age group (Supplementary Figure S5B). RSV-specific CD4+ T cells were enriched for the Th1 (expressing IFN-γ, IL-2, TNF-α, and CD40L) compared with Th2 phenotype, with similar frequencies observed for IFN-γ and TNF-α given the assay response variability (Figures 6A, B). More than 10-fold higher frequency of Th1 compared with Th2 cytokines was elicited by mRNA-1345 vaccination; the Th2 cytokines were predominantly IL-4 responses, rather than IL-5 and IL-13 responses (Figures 6A, B). No discernible differences in the cytokine profiles at baseline or after vaccination were observed between the 2 age cohorts (Figures 6A, B). Cytokines associated with CD8+ T-cell responses consisted of CD107a, IFN-γ, TNF-α, granzyme B, and IL-2, with the highest frequency observed for IFN-γ. CD8+-mediated T-cell responses were generally higher in older adults (Figure 7).




Figure 6 | RSV preF-specific CD4+ T cells among participants in the mRNA-1345 group by age cohort (A) Th1 response and (B) Th2 response. CD, cluster of differentiation; IFN-γ, interferon-γ; IL, interleukin; ICS, intracellular cytokine staining; IQR, interquartile range; LLOD, lower limit of detection; preF, prefusion; RSV, respiratory syncytial virus; Th1, type 1 helper T cell; Th2, type 2 helper T cell; TNF-α, tumor necrosis factor-α. LLOD for the ICS assay was 0.005%. CD4+ T-cell subsets were gated on CD69+ and split into the following groups: Th1: IFN-γ, TNF-α, IL-2; Th2: IL-4, IL-5, IL-13; and costimulatory T cells: CD40L; assays used were research grade. The solid black data points represent boxplot outliers.






Figure 7 | RSV preF-specific CD8+ T cells for the mRNA-1345 group by age cohort. CD, cluster of differentiation; GranzB, granzyme B; IFN-γ, interferon-γ; IL, interleukin; IQR, interquartile range; preF; prefusion; RSV, respiratory syncytial virus; TNF-α, tumor necrosis factor-α. CD8+ T cell subsets were gated on CD69+: IFN-γ, TNF-α, IL-2; assays used were research grade.








3.4 Biomarkers of innate immune activation

The chemokine/cytokine response analysis showed a distinct signature with mRNA vaccines (Figure 8). Of the 63 cytokines detected, IFN-γ, IL-6, IL-2Ra, CXCL9, IP-10, MCP-2, and MIP-1β were elevated on Day 2 compared with baseline (Day 1) (Figure 8). CXCL9, IP-10, IL-2Ra, and MCP-2 remained elevated on Day 4; the levels returned to baseline on Day 8 (Figure 8). Increased IFN-γ was observed for all vaccine groups, with levels peaking on Day 2 after vaccination and showing a higher magnitude increase with mRNA vaccines (Figure 8). IL-6 responses in mRNA vaccine groups were variable, with low magnitude increases observed in some participants at 6 to 12 hours/day after vaccination (Figure 8). Across the mRNA vaccine groups, mRNA-1345 was associated with the lowest magnitude cytokine response, which was similar to FLUAD (Figure 8). Responses were similar between older and younger adults for all vaccine groups (Figure 8). Additional biomarkers that showed increases from baseline on Days 2 to 4 were C-reactive protein (CRP), serum amyloid P (SAP), and β-2 macroglobulin (β2M); conversely, a number of biomarkers showed decreases from baseline (Supplementary Figure S6A). No evidence of response following vaccination was observed for TNF-α, TNF-β, IFN-α, IFN-β, IL-12p70, IL-12p40, and IL-1β) (Supplementary Figure S6B).




Figure 8 | Cytokine response from peripheral blood following vaccination with FLUAD and mRNA vaccines. Geometric mean (95% CI) of cytokine levels after vaccination by the study visit, age group, and CMV status (mRNA-1647 group). Dotted lines represent the LLOQ for each analyte. For some time points, the LLOQ is either decreased or increased, since not all samples could be assessed prior to the establishment of a revised LLOQ for samples run at a later time point. CI, confidence interval; CMV, cytomegalovirus; CRP, C-reactive protein; CXCL9, CXC chemokine ligand 9; CXCL13, CXC chemokine ligand 13; IFN-γ, interferon-γ; IL, interleukin; IL-2Rα, interleukin-2 receptor α; IP-10, interferon γ-induced protein 10 kDa; LLOQ, lower limit of quantification; MCP, monocyte chemotactic protein; MIP-1α, macrophage inflammatory protein−1 α; MIP-1β, macrophage inflammatory protein−1 β; MCP-1, monocyte chemotactic protein 1; MCP-2, monocyte chemotactic protein 2; RANTES, T-cell−specific protein RANTES.



In the mRNA vaccine groups, elevated serum levels of IL-1Ra and MCP-1/MCP-2 on Day 2 correlated positively with the presence of systemic reactions (correlation coefficient range, 0.15-0.27) (Figure 9A). In the FLUAD group, a higher correlation magnitude was observed between individual systemic reactogenicity rating and serum peak levels of alpha-1 antitrypsin, complement C3, vitamin D binding protein, CCL11 (eotaxin-1), haptoglobin, and IL-12p40 (correlation coefficient range, 0.32-0.37) (Figure 9B). Different correlation patterns with reactogenicity scores were identified in both mRNA and FLUAD groups when using an nAUC measure to incorporate all longitudinal serum cytokine results (Supplementary Figures S7A, B).




Figure 9 | Correlation of peak serum biomarker responses and reactogenicity, (A) mRNA groups, (B) FLUAD group. Correlation of peak serum biomarker responses (Day 2) and peak reactogenicity (highest reported grade) and reactogenicity sum (sum of all grades across symptoms). For all mRNA vaccine groups combined and the adjuvanted quadrivalent influenza vaccine (FLUAD). Statistically significant values are labeled with the correlation coefficient. A2M, alpha-2-macroglobulin; AAT, alpha-1-antitrypsin; ApN, adiponectin; APOA, apolipoprotein(a); B2M, beta-2-microglobulin; BAFF, B-cell activating factor; BDNF, brain-derived neurotrophic factor; C3, complement C3; CCL11, C-C motif chemokine 11; CRP, C-reactive protein; CXCL9, CXC chemokine ligand 9; CXCL13, CXC chemokine ligand 13; DBP, vitamin D–binding protein; EN-RAGE, extracellular newly identified receptor for advanced glycation end products binding protein; F, ferritin; FVII, factor VII; HP, haptoglobin; ICAM-1, intercellular adhesion molecule 1; IFN-γ, interferon-γ; IgA, immunoglobulin A; IgM, immunoglobulin M; IL-12p40, interleukin-12 subunit p40; IL-18, interleukin-18; IL-1Ra, interleukin-1 receptor antagonist; IL-2Ra, interleukin-2 receptor α; IP-10, interferon gamma-induced protein 10; Mb, myoglobin; MCP-1, monocyte chemotactic protein 1; MCP-2, monocyte chemotactic protein 2; MIP-1b, macrophage inflammatory protein-1 beta; MMP-3, matrix metalloproteinase-3; PAI-1, plasminogen activator inhibitor 1; PARC, pulmonary and activation-regulated chemokine; RANTES, T-cell−specific protein RANTES; SAP, serum amyloid P-component; SCF, stem cell factor; TBG, thyroxine-binding globulin; TIMP-1, tissue inhibitor of metalloproteinases 1; TNF-R2, tumor necrosis factor-receptor 2; VCAM-1, vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor; VWF, von Willebrand factor.







4 Discussion

Here, we report interim findings from an ongoing phase 1 clinical study designed to comprehensively characterize mRNA vaccine innate and adaptive immunity by comparatively studying several mRNA vaccines, including SARS-CoV-2 (bivalent mRNA-1273.222), RSV (mRNA-1345), influenza (mRNA-1010), and CMV (mRNA-1647) to identify both shared and unique clinical and immunologic features of mRNA vaccines. This is the first direct, randomized comparison of mRNA-based vaccines that use similar LNP formulations and chemistry, manufacturing and control processes but encode different antigens.

Across vaccine study arms, safety and humoral immunogenicity findings were consistent with previously reported data for these vaccines (8, 21, 23–27). Safety findings demonstrate that vaccine reactogenicity was acceptable across vaccine groups, and that the reactogenicity profile appeared to be similar across mRNA vaccine groups despite the higher dose level of mRNA-1647 (100 µg) than mRNA-1345, mRNA-1010, and mRNA-1273.222 (all 50 µg). This is consistent with a recent study that showed that the mRNA-1647 reactogenicity profile was similar across 50 µg, 100 µg, and 150 µg dose levels (28). Most solicited local and systemic ARs within 7 days were mild or moderate in severity (grade 1 or 2). These findings are mostly in agreement with larger studies that have reported the safety of mRNA-1273.222, mRNA-1345, mRNA-1010, and mRNA-1647 in adults (8, 21, 23–27). However, mRNA-1273 reactogenicity was higher in earlier studies of the 2-dose primary series (100 µg administered 28 days apart) when seropositivity was low (3) and with the 100-µg versus 50-µg booster dose of mRNA-1273.211 (29). Local solicited ARs (grade 1) were more commonly reported among recipients of mRNA-1273, and systemic symptoms were reported less frequently and of a lower severity among recipients of the mRNA-1345 vaccine compared with the other vaccine groups. Similarly, the majority of systemic reactions reported by older adults (≥60 years) in the pivotal phase 2-3 trial of mRNA-1345 were mild to moderate in severity (8). The incidence of solicited ARs was similar in the mRNA-1010 and FLUAD groups. For the mRNA-1647 groups, any solicited AR up to 7 days after injection was similar following dose 1 and dose 2; solicited systemic ARs were reported more frequently after dose 2, consistent with observations for the mRNA-1273 primary series (3). Across all mRNA vaccine groups, there were no AESIs, treatment-related SAEs, or deaths.

Consistent with prior studies, all vaccines assessed elicited strong functional antibody responses (21, 23, 24, 26, 27). At Day 29, antibody titers against vaccine-specific antigens were increased versus baseline for all mRNA vaccines. Following single-dose mRNA-1273.222 vaccination, Day 29 GMFRs demonstrated that nAb titers were significantly boosted relative to baseline against both the ancestral and omicron variants, as previously reported (21), with peak GMTs higher against ancestral compared with the omicron-lineage variants; boosting as measured by GMFR, was similar across strains. In line with results from the RSV mRNA-1345 phase 1 study, vaccination significantly boosted RSV-A and RSV-B nAbs, with a higher GMT observed against RSV-A, which may be due to assay differences (26, 27, 30, 31). Vaccination with mRNA-1010 resulted in increased HA titers at Day 29, which is in line with the results of the phase 1/2 study (NCT04956575) of mRNA-1010 (23); preliminary findings from an ongoing phase 3 study assessing the safety and immunogenicity of an updated formulation of mRNA-1010 (NCT05827978) demonstrated improved immunogenicity against B strains (32, 33).

To our knowledge this is the first publication evaluating T-cell responses following the vaccination with SARS-CoV-2-targeting mRNA-1273.222 or RSV-targeting mRNA-1345. Here, we showed that both SARS-CoV-2 mRNA-1273.222 and RSV mRNA-1345 increased antigen-specific T cells with a strongly biased Th1 antiviral response, with predominant expression of IFN-γ, TNF-α, and IL-2 along with the B-cell co-stimulatory molecule CD40L (CD154). Vaccination with mRNA-1273.222 increased CD4+ and CD8+ T-cell responses from baseline through Day 29 against both ancestral and omicron SARS-CoV-2 variants. Among mRNA-1345 recipients, RSV preF-specific CD4+ and CD8+ T-cells were low or undetectable before mRNA-1345 vaccination and were strongly boosted by Day 8 and remained above baseline through Day 91 after vaccination. This finding is encouraging, as a preclinical study found evidence supporting a key role for primed CD4+ and CD8+ T cells in controlling RSV infection (34). In a recent study evaluating safety and humoral immunogenicity through 6 months after mRNA-1010 vaccination, as well as antigenic breadth against A/H3N2 viruses and cellular immunogenicity, mRNA-1010 vaccine induced robust CD4+ T-cell responses, with higher frequencies of influenza strain-specific polyfunctional CD4+ T cells observed at Days 8 and 29 compared with placebo (33). Frequencies of IFN-γ–producing CD4+ T cells, which are indicative of a Th1 cytokine response, were higher than those in the placebo group for all dose levels at the same time points (33). Although CD8+ T-cell responses were detected, particularly against influenza B strains, they did not consistently differ from placebo (33). In the current study, there was a marginal increase in T cells expressing the Th2 cytokines IL-4 and IL-13 following mRNA-1273.222 vaccination, whereas CD4+ T cells expressing the Th2 cytokines IL-5 and IL-13 were either not detected or detected at a very low frequency after mRNA-1345 vaccination and IL-4 was detected at a low frequency. Together, these results demonstrate the ability of mRNA vaccination to boost antigen-specific CD4+ and CD8+ T-cell responses.

Cytokines and chemokines are crucial for guiding the immune response against infection and following vaccination (35). For vaccines to effectively prime the immune system to elicit an effective adaptive immune response, it is likely important to generate an initial antiviral response, which is often driven by cytokines such as IFN-γ (36). In this study, IFN-γ and related cytokines (CXCL9, MCP-1, MCP-2) (37, 38) increased the day after vaccination for all vaccine groups, but the increase was more pronounced in individuals who received mRNA vaccines. These findings are in line with prior studies with mRNA vaccines (19). In a study investigating immune cell dynamics following vaccination, 2-dose SARS-CoV-2 mRNA vaccination led to an increase in IFN-γ levels and subsequent activation of IFN-γ–inducible chemotaxis as initial triggers of the cellular processes associated with nAb responses and systemic AEs (39). However, the specific cell types involved and the regulation of chemokine receptor expression were different for nAb titers and systemic AEs (39). Notably, the vaccine-induced chemokine receptor (CCR2 or CXCR3) upregulation on natural killer/monocyte cell subsets enhances the ability of these cells to migrate to inflammatory sites and correlates with high nAb titers (39). Conversely, dendritic cell subsets exhibiting constitutive expression of these chemokine receptors were linked to systemic AEs (39). In the current study, a statistically significant low (rho 0.15-0.27), positive correlation was observed between peak serum levels of IL-1Ra and MCP-1/MCP-2 and the majority of systemic reactogenicity scores in the mRNA vaccine groups at Day 2. These findings suggest that the systemic reactogenicity following vaccination with mRNA vaccines may occur due to increased cytokine production, albeit at very low levels (often just above the level of detection), leading to an effective immune response (35, 40). Notably, the unique cytokine profile observed with mRNA vaccines relative to FLUAD point to the LNP formulation/adjuvant as the differentiator between mRNA and FLUAD vaccine platforms. Administration of a nanoparticulate mRNA cancer vaccine has previously been shown to lead to a robust upregulation of IL-1Ra and confer resistance to systemic pro-inflammatory cytokines in mice, with only modest increases in IL-1Ra observed in humans (41). It is important to note that the potentially beneficial effect of reactogenicity (as a clinical indicator of the innate immune response to vaccination) should be balanced or minimized to achieve a clinically effective dose level (40); as noted previously, most solicited local and systemic ARs within 7 days of mRNA vaccination were mild or moderate in severity.

Aging is known to significantly impact vaccine effectiveness and immunogenicity (42), and the effect of aging on mRNA vaccine response was a key component of the study design. In this study, some differences in safety and immunogenicity were observed with younger versus older participants. The incidence of any solicited AR up to 7 days after injection was slightly higher among younger than older participants in the mRNA-1273.222 and mRNA-1010 groups and was slightly lower for participants in the mRNA-1345 and FLUAD groups. The findings for mRNA-1345 vaccination differ from a previous phase 1 study that reported a higher incidence of solicited local and systemic ARs in younger versus older adults; it is possible this was due to different definitions of older adults in the 2 studies (phase 1, 65-79 years; present study, 50-75 years) (26) or the subjectivity associated with self-reported symptoms. With RSV mRNA-1345 vaccination, increases in GMTs from baseline to Day 29 were observed against both strains in younger and older adults, with 6- to 10-fold increases for RSV-A and 4- to 5-fold increases for RSV-B, consistent with the findings of the phase 1 study (26, 27). For the influenza vaccine mRNA-1010, similar trends were observed in the older and younger participants, with the older participants having slightly lower titers overall, which has been reported previously in older adults following influenza vaccination (23, 43). In contrast, antigen-specific T-cell responses, including CD8+ T cells, were similar or very modestly lower in older versus younger adults for mRNA-1273.222 and RSV mRNA-1345. Furthermore, the cytokine response was similar between older and younger participants for all vaccine groups, with more pronounced IFN-γ upregulation observed with mRNA vaccination, and a potential advantage of mRNA vaccines compared with other vaccine platforms.

This study had several strengths and limitations. This study was limited by the small number of participants in each vaccination group; a small number of participants were included due to the study’s complexities. The study involved frequent participant visits and blood draws of both serum and polymorphonuclear blood cells to support the exploratory nature of the research and advance understanding of the mRNA/LNP vaccine platform. However, the quality and frequency of the sample collections was leveraged to generate additional clinical data on antigen-specific T-cell responses, which we report here for mRNA-1273.222 and mRNA-1345 vaccination. These data are important as they may provide insight into the potential adaptive response and antiviral activity of the immune responses to mRNA vaccines (44). Despite similar reactogenicity profiles after the first and second doses of the mRNA-1647 vaccine, cytokine levels were higher after the second dose, potentially confounding the analysis of associations between cytokine response and reactogenicity.

In conclusion, this interim analysis of the safety and immunogenicity of 4 mRNA vaccines, mRNA-1273.222 (SARS-CoV-2), mRNA-1345 (RSV), mRNA-1010 (influenza), and mRNA-1647 (CMV), raised no safety concerns, with no vaccine-related SAEs or AESIs, and vaccine reactogenicity was acceptable for the 4 mRNA vaccines studied. Immunogenicity findings confirmed that each vaccine was immunogenic against their respective antigens in adults. Antigen-specific T cells were increased with mRNA-1273.222 and mRNA-1345 vaccination, and antigen-specific Th1 responses were enriched. mRNA-1010 was able to elicit similar responses to FLUAD, an adjuvanted influenza vaccine. Further, we demonstrate that mRNA vaccination results in a consistent inflammatory/innate immune profile, similar to the adjuvanted comparator vaccine, which peaks the day after vaccination, commensurate with the median onset of systemic symptoms, with slightly lower peak cytokine levels in the mRNA-1345 group, which reported fewer overall systemic symptoms compared with the other mRNA vaccination groups. A positive correlation between peak cytokine levels (IL-1Ra and MCP-1/MCP-2) and the presence of systemic reactogenicity reactions following mRNA vaccination was also demonstrated, indicative of an increased immune response (40).

Together, these results suggest that the observed similarity in reactogenicity and immunogenicity of mRNA vaccines may be related to shared features of the mRNA platform. Evaluated vaccines demonstrated enhanced antigen-specific CD4+ and CD8+ T-cell responses with a correlation between peak cytokine levels and reactogenicity scores observed on Day 2. Further systems biology analyses of this study are ongoing or planned, including using high-dimensional laboratory workflows and assays to further assess and compare the contribution of the innate and adaptive immune responses to each of these vaccines as well as integrated analyses. Additionally, a future study assessing longitudinal vaccine immunogenicity ≥12 months post-vaccination will include analyses of antibody- and cellular-mediated responses to mRNA-1647 by CMV serostatus. Results from another study comparing antibody responses to mRNA-1010 and FLUAD for up to 1 year after vaccination, which included B- and T-cell data, are forthcoming. Overall, this study serves as a basis to further our understanding of mRNA-based vaccination in parallel with the continued development of mRNA vaccines against infectious diseases, which will lead to further improvements in vaccine tolerability, effectiveness, and durability.





Data availability statement

As the trial is ongoing, access to participant-level data presented in the article and supporting clinical documents by qualified external researchers who provide methodologically sound scientific proposals may be available upon reasonable request for products or indications that have been approved by regulators in the relevant markets and subject to review from 24 months after study completion. Such requests can be made to Moderna, Inc., 325 Binney Street, Cambridge, MA 02142; data_sharing@modernatx.com. A materials transfer and/or data access agreement with the sponsor will be required for accessing shared data. All other relevant data are presented in the paper. The protocol is available online at ClinicalTrials.gov: NCT05397223.





Ethics statement

The studies involving humans were approved by Advarra Institutional Review Board, Columbia, MD. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

RP: Conceptualization, Formal analysis, Writing – original draft, Writing – review & editing. CF: Writing – original draft, Writing – review & editing. NS-C: Writing – original draft, Writing – review & editing. DM: Writing – original draft, Writing – review & editing. WZ: Writing – original draft, Writing – review & editing. YS: Writing – original draft, Writing – review & editing. PR: Formal analysis, Writing – original draft, Writing – review & editing. BG: Writing – original draft, Writing – review & editing. AA: Formal analysis, Writing – original draft, Writing – review & editing. AD: Writing – original draft, Writing – review & editing, Conceptualization, Formal analysis.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was funded by Moderna, Inc.




Acknowledgments

The authors would like to acknowledge the trial participants, trial investigators, the clinical trial site, and Moderna and Parexel study personnel for their contributions to the study. Medical writing and editorial assistance were provided by Syed Abdul Haseeb, MS, of MEDiSTRAVA in accordance with Good Publication Practice (GPP 2022) guidelines, funded by Moderna, Inc., and under the direction of the authors.





Conflict of interest

DM, WZ, YS, PR, BG, AD, and RP are employees of Moderna, Inc., and hold stock/stock options in the company. AA was contracted by Moderna to conduct this study.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The authors declare that this study received funding from Moderna, Inc. The funder was involved in the study design, collection, and analysis of data.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1501275/full#supplementary-material




References

1. Pardi, N, Hogan, MJ, Porter, FW, and Weissman, D. mRNA vaccines - a new era in vaccinology. Nat Rev Drug Discovery. (2018) 17:261–79. doi: 10.1038/nrd.2017.243

2. Gote, V, Bolla, PK, Kommineni, N, Butreddy, A, Nukala, PK, Palakurthi, SS, et al. A comprehensive review of mRNA vaccines. Int J Mol Sci. (2023) 24:2700. doi: 10.3390/ijms24032700

3. Baden, LR, El Sahly, HM, Essink, B, Kotloff, K, Frey, S, Novak, R, et al. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med. (2021) 384:403–16. doi: 10.1056/NEJMoa2035389

4. El Sahly, HM, Baden, LR, Essink, B, Doblecki-Lewis, S, Martin, JM, Anderson, EJ, et al. Efficacy of the mRNA-1273 SARS-CoV-2 vaccine at completion of blinded phase. N Engl J Med. (2021) 385:1774–85. doi: 10.1056/NEJMoa2113017

5. Anderson, EJ, Rouphael, NG, Widge, AT, Jackson, LA, Roberts, PC, Makhene, M, et al. Safety and immunogenicity of SARS-coV-2 mRNA-1273 vaccine in older adults. N Engl J Med. (2020) 383:2427–38. doi: 10.1056/NEJMoa2028436

6. Bruxvoort, KJ, Sy, LS, Qian, L, Ackerson, BK, Luo, Y, Lee, GS, et al. Effectiveness of mRNA-1273 against delta, mu, and other emerging variants of SARS-CoV-2: test negative case-control study. BMJ. (2021) 375:e068848. doi: 10.1136/bmj-2021-068848

7. Bruxvoort, KJ, Sy, LS, Qian, L, Ackerson, BK, Luo, Y, Lee, GS, et al. Real-world effectiveness of the mRNA-1273 vaccine against COVID-19: interim results from a prospective observational cohort study. Lancet Reg Health Am. (2022) 6:100134. doi: 10.1016/j.lana.2021.100134

8. Wilson, E, Goswami, J, Baqui, AH, Doreski, PA, Perez-Marc, G, Zaman, K, et al. Efficacy and safety of an mRNA-based RSV preF vaccine in older adults. N Engl J Med. (2023) 389:2233–44. doi: 10.1056/NEJMoa2307079

9. Moderna. Moderna Receives U.S. FDA Approval for RSV Vaccine mRESVIA(R) (2024). Available online at: https://investors.modernatx.com/news/news-details/2024/Moderna-Receives-U.S.-FDA-Approval-for-RSV-Vaccine-mRESVIAR/default.aspx (Accessed June 06, 2024).

10. ClinicalTrials.gov. A Study to Evaluate the Efficacy, Safety, and Immunogenicity of mRNA-1647 Cytomegalovirus (CMV) Vaccine in Healthy Participants 16 to 40 Years of Age 2023 . Available online at: https://clinicaltrials.gov/ct2/show/NCT05085366 (Accessed March 9, 2023).

11. ClinicalTrials.gov. Study of mRNA-1010 Seasonal Influenza Vaccine in Adults (IGNITE P303) (NCT05827978) (2023). Available online at: https://clinicaltrials.gov/study/NCT05827978 (Accessed October 31, 2023).

12. ClinicalTrials.gov. A study of mRNA-1083 (SARS-CoV-2 and influenza) vaccine in healthy adult participants, ≥50 years of age 2024 . Available online at: https://clinicaltrials.gov/ct2/show/NCT06097273 (Accessed July 26, 2024).

13. Querec, TD, Akondy, RS, Lee, EK, Cao, W, Nakaya, HI, Teuwen, D, et al. Systems biology approach predicts immunogenicity of the yellow fever vaccine in humans. Nat Immunol. (2009) 10:116–25. doi: 10.1038/ni.1688

14. Kazmin, D, Nakaya, HI, Lee, EK, Johnson, MJ, van der Most, R, van den Berg, RA, et al. Systems analysis of protective immune responses to RTS,S malaria vaccination in humans. Proc Natl Acad Sci U.S.A. (2017) 114:2425–30. doi: 10.1073/pnas.1621489114

15. Li, S, Rouphael, N, Duraisingham, S, Romero-Steiner, S, Presnell, S, Davis, C, et al. Molecular signatures of antibody responses derived from a systems biology study of five human vaccines. Nat Immunol. (2014) 15:195–204. doi: 10.1038/ni.2789

16. Nakaya, HI, Clutterbuck, E, Kazmin, D, Wang, L, Cortese, M, Bosinger, SE, et al. Systems biology of immunity to MF59-adjuvanted versus nonadjuvanted trivalent seasonal influenza vaccines in early childhood. Proc Natl Acad Sci U.S.A. (2016) 113:1853–8. doi: 10.1073/pnas.1519690113

17. Hagan, T, Gerritsen, B, Tomalin, LE, Fourati, S, Mulè, MP, Chawla, DG, et al. Transcriptional atlas of the human immune response to 13 vaccines reveals a common predictor of vaccine-induced antibody responses. Nat Immunol. (2022) 23:1788–98. doi: 10.1038/s41590-022-01328-6

18. Fourati, S, Tomalin, LE, Mule, MP, Chawla, DG, Gerritsen, B, Rychkov, D, et al. Pan-vaccine analysis reveals innate immune endotypes predictive of antibody responses to vaccination. Nat Immunol. (2022) 23:1777–87. doi: 10.1038/s41590-022-01329-5

19. Arunachalam, PS, Scott, MKD, Hagan, T, Li, C, Feng, Y, Wimmers, F, et al. Systems vaccinology of the BNT162b2 mRNA vaccine in humans. Nature. (2021) 596:410–6. doi: 10.1038/s41586-021-03791-x

20. Bergamaschi, C, Terpos, E, Rosati, M, Angel, M, Bear, J, Stellas, D, et al. Systemic IL-15, IFN-γ, and IP-10/CXCL10 signature associated with effective immune response to SARS-CoV-2 in BNT162b2 mRNA vaccine recipients. Cell Rep. (2021) 36:109504. doi: 10.1016/j.celrep.2021.109504

21. Chalkias, S, Whatley, JL, Eder, F, Essink, B, Khetan, S, Bradley, P, et al. Original SARS-CoV-2 monovalent and omicron BA.4/BA.5 bivalent COVID-19 mRNA vaccines: phase 2/3 trial interim results. Nat Med. (2023) 29:2325–33. doi: 10.1038/s41591-023-02517-y

22. John, S, Yuzhakov, O, Woods, A, Deterling, J, Hassett, K, Shaw, CA, et al. Multi-antigenic human cytomegalovirus mRNA vaccines that elicit potent humoral and cell-mediated immunity. Vaccine. (2018) 36:1689–99. doi: 10.1016/j.vaccine.2018.01.029

23. Lee, IT, Nachbagauer, R, Ensz, D, Schwartz, H, Carmona, L, Schaefers, K, et al. Safety and immunogenicity of a phase 1/2 randomized clinical trial of a quadrivalent, mRNA-based seasonal influenza vaccine (mRNA-1010) in healthy adults: interim analysis. Nat Commun. (2023) 14:3631. doi: 10.1038/s41467-023-39376-7

24. Fierro, C, Brune, D, Shaw, M, Schwartz, H, Knightly, C, Lin, J, et al. Safety and immunogenicity of a messenger RNA-based cytomegalovirus vaccine in healthy adults: results from a phase 1, randomized, clinical trial. J Infect Dis. (2024) 230:e668–78. doi: 10.1093/infdis/jiae114

25. Panther, L, Fierro, C, Brune, D, Leggett, R, Peterson, J, Pickrell, P, et al. Interim results from a phase 2, randomized, observer-blind, placebo-controlled, dose-finding trial of an mRNA-based cytomegalovirus vaccine in healthy adults. Open Forum Infect Dis. (2022) 9:S105. doi: 10.1093/ofid/ofac492.190

26. Shaw, CA, Essink, B, Harper, C, Mithani, R, Kapoor, A, Dhar, R, et al. Safety and immunogenicity of an mRNA-based RSV vaccine including a 12-month booster in a phase I clinical trial in healthy older adults. J Infect Dis. (2024) 230:e647–56. doi: 10.1093/infdis/jiae081

27. Shaw, CA, Mithani, R, Kapoor, A, Dhar, R, Wilson, L, El Asmar, L, et al. Safety, tolerability and immunogenicity of a mRNA-based RSV vaccine in healthy young adults in a phase 1 clinical trial. J Infect Dis. (2024) 230:e637–46. doi: 10.1093/infdis/jiae035

28. Panther, L, Basnet, S, Fierro, C, Brune, D, Leggett, R, Peterson, J, et al. Safety and immunogenicity of mRNA-1647, an mRNA-based cytomegalovirus vaccine in healthy adults: results of a phase 2, randomized, observer-blind, placebo-controlled, dose-finding trial. Open Forum Infect Dis. (2023) 10:ofad500.2475. doi: 10.1093/ofid/ofad500.2475

29. Chalkias, S, Eder, F, Essink, B, Khetan, S, Nestorova, B, Feng, J, et al. Safety, immunogenicity and antibody persistence of a bivalent Beta-containing booster vaccine against COVID-19: a phase 2/3 trial. Nat Med. (2022) 28:2388–97. doi: 10.1038/s41591-022-02031-7

30. Khoury, DS, Wheatley, AK, Ramuta, MD, Reynaldi, A, Cromer, D, Subbarao, K, et al. Measuring immunity to SARS-CoV-2 infection: comparing assays and animal models. Nat Rev Immunol. (2020) 20:727–38. doi: 10.1038/s41577-020-00471-1

31. Raghunandan, R, Higgins, D, and Hosken, N. RSV neutralization assays - Use in immune response assessment. Vaccine. (2021) 39:4591–7. doi: 10.1016/j.vaccine.2021.06.016

32. Soens, M, Nachbagauer, R, Hicks, B, Livermore, G, Schaefers, K, Henry, R, et al. Safety and immunogenicity of an mRNA-based seasonal influenza vaccine (mRNA-1010) in healthy adults. In: 34th European Congress of Clinical Microbiology and Infectious Diseases. Barcelona, Spain (2024).

33. Ananworanich, J, Lee, IT, Ensz, D, Carmona, L, Schaefers, K, Avanesov, A, et al. Safety and immunogenicity of mRNA-1010, an investigational seasonal influenza vaccine, in healthy adults: final results from a phase 1/2 randomized trial. J Infect Dis. (2025) 231:e113–e22. doi: 10.1093/infdis/jiae329

34. De, C, Pickles, RJ, Yao, W, Liao, B, Boone, A, Choi, M, et al. Human T cells efficiently control RSV infection. JCI Insight. (2023) 8:e168110. doi: 10.1172/jci.insight.168110

35. Connors, J, Cusimano, G, Mege, N, Woloszczuk, K, Konopka, E, Bell, M, et al. Using the power of innate immunoprofiling to understand vaccine design, infection, and immunity. Hum Vaccin Immunother. (2023) 19:2267295. doi: 10.1080/21645515.2023.2267295

36. Lee, J, Woodruff, MC, Kim, EH, and Nam, JH. Knife’s edge: Balancing immunogenicity and reactogenicity in mRNA vaccines. Exp Mol Med. (2023) 55:1305–13. doi: 10.1038/s12276-023-00999-x

37. Metzemaekers, M, Vanheule, V, Janssens, R, Struyf, S, and Proost, P. Overview of the mechanisms that may contribute to the non-redundant activities of interferon-inducible CXC chemokine receptor 3 ligands. Front Immunol. (2017) 8:1970. doi: 10.3389/fimmu.2017.01970

38. Struyf, S, Van Collie, E, Paemen, L, Put, W, Lenaerts, JP, Proost, P, et al. Synergistic induction of MCP-1 and -2 by IL-1beta and interferons in fibroblasts and epithelial cells. J Leukoc Biol. (1998) 63:364–72. doi: 10.1002/jlb.63.3.364

39. Takano, T, Morikawa, M, Adachi, Y, Kabasawa, K, Sax, N, Moriyama, S, et al. Distinct immune cell dynamics correlate with the immunogenicity and reactogenicity of SARS-CoV-2 mRNA vaccine. Cell Rep Med. (2022) 3:100631. doi: 10.1016/j.xcrm.2022.100631

40. Hervé, C, Laupèze, B, Del Giudice, G, Didierlaurent, AM, and Tavares Da Silva, F. The how’s and what’s of vaccine reactogenicity. NPJ Vaccines. (2019) 4:39. doi: 10.1038/s41541-019-0132-6

41. Tahtinen, S, Tong, AJ, Himmels, P, Oh, J, Paler-Martinez, A, Kim, L, et al. IL-1 and IL-1ra are key regulators of the inflammatory response to RNA vaccines. Nat Immunol. (2022) 23:532–42. doi: 10.1038/s41590-022-01160-y

42. Crooke, SN, Ovsyannikova, IG, Poland, GA, and Kennedy, RB. Immunosenescence and human vaccine immune responses. Immun Ageing. (2019) 16:25. doi: 10.1186/s12979-019-0164-9

43. Tsai, TF. Fluad(R)-MF59(R)-adjuvanted influenza vaccine in older adults. Infect Chemother. (2013) 45:159–74. doi: 10.3947/ic.2013.45.2.159

44. Aleebrahim-Dehkordi, E, Molavi, B, Mokhtari, M, Deravi, N, Fathi, M, Fazel, T, et al. T helper type (Th1/Th2) responses to SARS-CoV-2 and influenza A (H1N1) virus: From cytokines produced to immune responses. Transpl Immunol. (2022) 70:101495. doi: 10.1016/j.trim.2021.101495




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Fierro, Sanchez-Crespo, Makrinos, Zhang, Sun, Rohilla, Girard, Adeniji, DiPiazza and Paris. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1501275-g003.jpg
(A) (B) ©)

GMC (95% Ch)

o o
Ancestral nAb (AU/mL) Omicron BA.1 nAb (AU/mL) Omicron BA4I5 nAb (AUIMLY®
frovt gl 3 a5 s e a1 a7 50 54 7a e1 e s garmoar
. a 3 3 . 3 s - = = baseline. 57 38 87 74 69 69
100,000 10,000
10,000+
1,00 1,000
G 1 = -
1,000 e ] 9
% 2
= n
3 100 2 100
o j
100 = 1 g
o 1 [}
10 104
10
1 1 i
Day 1 Day 15 Day 1 Day 15 Day 29 Day 1 Day8 Day 15 Day 29
(Baseline) (Baseline) (Baseline)
(D) (E)
RSV-A (IU/mL)® RSV-B (IU/mL)*
GMFR GMFR over
Baseline 65 a0 17 10 104 63 baseline 3734 1348 s0 a1
100,000 100,000

. Age group: 18-49 years

10,000+ 10,000-|
. Age group: 50-75 years
1,000
10 10
! 1

Day 1 Day8 Day 15 Day 15 Day 29
(Baseline)

B
i

E

8
GMT (95% CI)

GMT (95% CI)






OEBPS/Images/fimmu-16-1501275-g008.jpg
MCP-2

mMRNA-1010 mRNA-1273 mRNA-1345

MCP-1

mMRNA-1010 mRNA-1273 mRNA-1345

MIP-1b

mMRNA-1010 mRNA-1273 mRNA-1345

mMRNA-1647

FLUAD

mMRNA-1647

FLUAD

mMRNA-1647

FLUAD

1500

g 8
w/bd (10 %S6) WO
TN
I

qu/6d ‘(19 %56) WO

s8a
90
090
F _esa
Uz1-9+250
150
620
8d
|
za
[ uzi-9+1a
1a

za
uz1-9+1a
1a
620
8
| R
za
fuzi-9+1a

uzi-9+1a
1a
620
80
va
za
uzi-9+1a
\a

s8a
90
09
850
fuzi-9+250
150
620
80
¥a
za
uz1-9+1a

uzi-9+1a
1a
620
80
va
za
uzi-9+1a

uz1-9+1a
1a

580
90
09
850
[ uzi-9+250
150
620
80
va
za
uz1-9+1a
1a
620
[
va
za

za
uz1-9+1a

1a

620

8

va

za
fuzi-9+1a

uzi-9+1a
1a

MIP-1a

mRNA-1010 mRNA-1273 mRNA-1345

IL-10

mMRNA-1010 mRNA-1273 mRNA-1345

iy
z
L

MRNA-1647

FLUAD

mMRNA-1647

mMRNA-1647 FLUAD

mMRNA-1010 mRNA-1273 mRNA-1345

FLUAD

o
R

S
8

50
40
30

qwy/Bd (1D %S6) !

580
90
090
850
UzZ1-9+250

180
620

8

va

2a

uzi-9+1a

za
uzi-9+10

1a

620

8a

¥a

za
uzL-9+1a

IL-1Ra

mMRNA-1010 mRNA-1273 mRNA-1345

za
uz1-9+1a

1a

620

8d

¥a

za
uzL-9+1a

1a

S84
90
09
85
uz1-9+/80
Pre]
620
80
va
za
uzi-9+1a
1a
620
8a
¥a
za
uz1-9+10
1a
620
8a
¥a
za
uzL-9+1a

IL-6

mMRNA-1010 mRNA-1273 mRNA-1345

uz1-9+1a
1a
620
80
¥a
za
uzi-9+1a
1a

580
90
09a
850
UzZL-9+/50
250
620
80
va
za
uzi-9+1a
1a
620
8a
¥a
2a
uzi-9+1a

IL-18

mMRNA-1010 mRNA-1273 mRNA-1345

za
uz1-9+10

1a

620

L]

¥a

2a
uzi-9+1a

uz1-9+10
1a

mMRNA-1647

FLUAD

mMRNA-1647

FLUAD

mMRNA-1647

FLUAD

400

3
8
&

/B

S
8
8

d

(1D %S6) W

580
$90
090
850
uzL-9+.50
280
620
8a
va
za
uzi-9+1a
1a

za
uzL-9+1a

1a

620

fle]

¥a

za
uzL-9+1a

uz1-9+10
1a
62a
80
¥a
za
uzL-9+1a
1a

5S8a
$90
09
850
uzL-9+/50
pre]
620
8d
¥a
za
uzL-9+1a

uz1-9+1a
1a
62
80
¥a
za
uzL-9+1a

uz1-9+1a
1a
62a
80
¥a
za
uz1-9+1a
1a

580
$9
090
850
uzL-9+/50
180
620
80
¥a
za
uz1-9+10
1a
620
file]
¥a
za
uz1-9+1a
1a
62
80
¥a
za
uz1-9+1a
1a
62a
file]
¥a
za
uzL-9+1a

uz1-9+1a
wa

CXCL9

mMRNA-1010 mRNA-1273 mRNA-1345

IL-2Ra

mMRNA-1010 mRNA-1273 mRNA-1345

RANTES

mMRNA-1010 mRNA-1273 mRNA-1345

mMRNA-1647

FLUAD

mMRNA-1647

FLUAD

mMRNA-1647

FLUAD

3000

000
000

000
000

Jwy/bu (1D %G6) !

580
$90
090
850
uz1-9+,50
250
620
fle]
¥a
za
uz1-9+1a
1a

uz1-9+1a
1a
6za
80
¥a
za
uz1-9+1a

uz1-9+1a
1a
620
80
¥a
za
uz1-9+1a
1a

s8a
$9a
090
850
uz1-9+/50
250
620
80
¥a
za
uzL-9+1a
1a
620
80
va
za
uz1-9+1a
1a
620
80
¥a
za
uzL-9+1a
1a
620
80
va
za
uz1-9+10
1a
620
80
¥a
za
Yz1-9+1a
wa

58
$9a
09
850
Uz1-9+/50
280
62
80
¥a
za
uzL-9+1a
1a
620
e}
va
za
uz1-9+1a
1a
620
80
va
za
yz1-9+1a
1a
620
80
¥a
za
uz1-9+1a

uz1-9+1a
1a

1P-10

mMRNA-1010 mRNA-1273 mRNA-1345

CXCL13

mMRNA-1010 mRNA-1273 mRNA-1345

mMRNA-1647

FLUAD

mMRNA-1647

FLUAD

500

S
8
8

2000

Juy/bd

s o o
8 8 ©

qw/Bd (19 %G6) !

‘(19 %56) WO

s8a
|
090
850
fuzi-9+250
250
F 6za
80
¥a
za
uz1-9+1a

fuzi-9+1a
1a
I eza
80
va
f _za
uzL-9+1a

uzL-9+1a
1a

T 580
' $90
It o09a
! 850
I} uzL-9+250
' 450
620
80
¥a
za
Yz1-9+1a
1a
620
8
F v
za
fuzi-9+1a
1a

za
uz1-9+1a
1a
620
8
Fova
za
fuzi-9+1a

'
T eza
|

' ¥a

'
IfuzL-9+1a
' 1a

>

CMV seropositive at baseline

1
O

CMV seronegative at baseline

_A
@

«} Age group: 50-75 years

8
3
-3
@
h¢
T
s
2
5
3
<






OEBPS/Images/fimmu-16-1501275-g006.jpg
Percentage of CD4" T cells

Percentage of CD4"* T cells

Median (IQR)

Median (IQR)

1.00

o
=)

0.01

Younger Adults (18-49 years)

8

15
Day

29

91

EEcosL EEFNy BEIL2  EITNFa

Younger Adults (18-49 years)

1.004
0.104
.
.
0.014 -
. a1}
-l - - - - -
8 15 29 91
Day

B L-13

Older Adults (50-75 years)

1.00

o
=)

Percentage of CD4* T cells
Median (IQR)

0.01

1 ] 15 29 a1
Day

Older Adults (50-75 years)

1.00

i)

£
=)

Percentage of CD4+ T cells
Median (IQR)

1 8 15 29 91

Day

B4 EELS





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Shared clinical and immunologic features of mRNA vaccines: preliminary results from a comparative clinical study

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Clinical trial registration

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Trial design and participants

          



          		

            2.2 Study objectives and endpoints

          



          		

            2.3 Study vaccines and procedures

          



          		

            2.4 Safety assessments

          



          		

            2.5 Immunogenicity assessments

          



          		

            2.6 Multiplex cytokine analysis

          



          		

            2.7 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Participants

          



          		

            3.2 Safety

          

            		

              3.2.1 Solicited local adverse reactions

            



            		

              3.2.2 Solicited systemic adverse reactions

            



            		

              3.2.3 Unsolicited adverse events

            



          



          



          		

            3.3 Immunogenicity

          

            		

              3.3.1 Humoral immunogenicity

            

              		

                3.3.1.1 mRNA-1273.222

              



              		

                3.3.1.2 mRNA-1345

              



              		

                3.3.1.3 mRNA-1010 and FLUAD

              



            



            



            		

              3.3.2 Cellular immunogenicity

            

              		

                3.3.2.1 mRNA-1273.222

              



              		

                3.3.2.2 mRNA-1345

              



            



            



          



          



          		

            3.4 Biomarkers of innate immune activation

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1501275-g002.jpg
(A)

Local ARs

Systemic ARs

mMRNA-1345 mRNA-1273.222 mRNA-1010 FLUAD

Swelling/hardness

Erythema

Axillary swelling/
tenderness

Injection site pain P

Any local AR

Fever
Nausea/vomiting

Chills

Arthralgia
Myalgia
Fatigue

Headache

Any systemic AR

i -
40 60 80 1000 20 40 60
Participants (%)

0 20 40 60 80 100 0 20

Grade 1 B Grade 2 " Grade 3

80 100 0 20 40 60 80 100

B Grade 4*

(B)

Local ARs

Systemic ARs

Swelling/hardness

Erythema

Axillary swelling/
tenderness

Injection site pain

Any local AR

Fever
Nausea/Vomiting
Chills

Arthralgia
Myalgia

Fatigue
Headache

Any systemic AR

Dose1
Dose2

Dose1
Dose2

Dose1
Dose2

Dose1
Dose2

Dose1
Dose2

Dose]l
Dose2

Dosel
Dose2

Dose]
Dose2

Dose]
Dose2

Dose]1
Dose2

Dosel
Dose2

Dose]
Dose2

Dose]1
Dose2

0

mRNA-1647

20 40 60 80
Participants (%)

100





OEBPS/Images/fimmu-16-1501275-g004.jpg
(A) MRNA-1010°

Age group: Overall
GMFR over

Age group: 18-49 years

Age group: 50-75 years

GMFR over GMFR over
baseline 49 37 15 26 baseline 44 311225 76 511531 6439 13 26 baseline 27 20 1.7 1.7 39 37 19 27 35 34 18 26
1,000, 1,000, 1,000
|
|
|
] . T
| T o8 I
5 % == = 100- T — 100 T T T
g ] S iy S = I
- # H
LI -3 a
= | = e
H s s
o (] o
104 10+ 10+
1
{
|
1 1 b S
Day 1 (Baseline) Day 29 Day 1 Day 8 Day 15 Day 29 Day 1 Day 8 Day 15 Day 29
(Baseline) (Baseline)
(B) FLUAD®
Age group: Overall Age group: 18-49 years Age group: 50-75 years
GMFR over GMFR over GMFR over
baseline 59 45 20 26 baseline 6232 1729 90541732 83 451726 baseline 3.0 28 1.7 22 54 57 24 33 44 46 22 27
1,000, 1,000 1,000
| | -
1
I —i— aE
. B [N [ | oL
I e »
— 100+ == = 100+ I ~ 1004
: = : : )
8 — - ! .
8 I 8 1
5 5 s
5 o o
104 10| 10+
1 1
: & 1 1
Day 1 (Baseline) Day 29 Day 1 Day8 Day 15 Day 29 Day 1 Day 8 Day 15 Day 29
(Baseline) (Baseline)
B AHint B AH3N2 BlVictoria BlYamagata





OEBPS/Images/fimmu-16-1501275-g007.jpg
Younger Adults (18-49 years) Older Adults (50-75 years)

‘

1.00 1.00

©
=)
Median (IQR)

0.01 0.01

Percentage of CD8+ T Cells
Median (IQR)
Percentage of CD8+ T Cells

BH cp1o7a EF IFNy BF IL-2 B3 GranzB B9 TNFa





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1501275-g009.jpg
Systemic Score

Systemic Nausea -
Systemic Myalgia -

Systemic Headache -

Systemic Fever -

Systemic Fatigue -

Systemic Chils -

Systemic Arthralgia -

Local Swelling/Hardness -

Local Score -

Local Pain -

Local Axillary Swelling/Tenderness -
Local Erythema -

Systemic Score -
Systemic Nausea -

Systemic Myalgia -

Systemic Headache -

Systemic Fever -

Systemic Fatigue -

Systemic Chills -

Systemic Arthralgia -

Local Swelling/Hardness -

Local Score -

Local Pain -

Local Axillary Swelling/Tenderness -
Local Erythema -

Reactogenicity (Sum) vs Peak Cytokine Dynamics (Day 2)

N | =
B_N &
&

w &
© - w
< wow T e Q _ T & foggoe Te e o, a8
=z 3=zt %05 e o %3 S o 3 2 s §°c T od d T o4 1 5
S & 2 O @ w > = & 7T & 5 oo < o
- < o O I 2 B iy s o
¥:2:838°338¢g Si ETEESTEL 2L L0 §6iszgz33

CXCL13 -
EN-RAGE -





OEBPS/Images/fimmu.2025.1501275_cover.jpg
, frontiers | Frontiers in Immunology

Shared clinical and immunologic features
of MRNA vaccines: preliminary results
from a comparative clinical study





OEBPS/Images/fimmu-16-1501275-g005.jpg
Non-naive CD4+ T-cells (%)

(B)

@

o
o

(A)

1.00

0.10

0.01

CD4+ T Cells (%), Median (IQR)

CD4+ T cells

XBB.1.5
S1 Subunit

D1

D29

Serostatus o

Thl cytokines
XBB.1.5

18-49 years 50-75 years

D1 D29 D1 D29

BE cosoL+ BER IFNy+ BF L2+ B TNFa+

Non-naive CD4+ T-cells (%)

o 4
=

0.01

XBB.1.5 XBB.1.5
S2 Subunit S1 Subunit

3.15X

10.00

1.00

0.10

0.01

CD8+ T Cells (%), Median (IQR)

D1 D29 D1 D29

Negative o Positive Serostatus

Th2 and Thl7 cytokines
XBB.1.5

18-49 years 50-75 years

D1 D29 D1 D29

BE L4+ B3 L5+ B 113+ B IL17A+

CD8+ T cells

XBB.1.5
S2 Subunit

D1

Negative

10

o
=

0.01

Non-naive CD8+ T-cells (%)

o

D29

Positive

CD8+ cytokines
XBB.1.5

18-49 years 50-75 years

D1 D29 D1 D29

BE cp1o7a+ EF IFNy+ B L2+ B9 TNFa+






OEBPS/Images/table1.jpg
mRNA- mRNA-1647 mRNA-1647 Total mRNA-

1273.222 -Dose (n=31) 1647 (n=62) (Jj’gglz)
(n=60) 11/n=20]* [n=21/n=41]®

Age, years

Mean £ SD 481122 | 458137 391:7.3 33398 362+ 9.0 464 + 119 164 445+ 127

+131

Range 18-72 19-73 18-49 19-49 18-49 18-68 20-73 18-73
Age group, n (%)

18-49 years 29 (48.3) 32 (52.5) 31 (100) 31 (100) 62 (100) 30(50.0) | 29(492) | 182 (60.3)

50-75 years 31 (51.7) 29 (47.5) o o° o° 30 (50.0) 30 (50.8) 120 (39.7)
Sex, n (%)

Male 22 (36.7) 19 (31.1) 13 (41.9) 7 (22.6) 20 (32.3) 28(46.7) | 33(55.9) = 122 (40.4)

Female 38 (63.3) 42 (68.9) 18 (58.1) 24 (77.4) 42 (67.7) 32(53.3) | 26(44.1) | 180 (59.6)
Race, n (%)

White 51 (85.0) 40 (65.6) 26 (83.9) 23 (74.2) 49 (79.0) 42(70.0) | 44(746) = 226 (74.8)

Black or 7 (117) 18 (29.5) 3(97) 7 (22.6) 10 (16.1) 8(13.3) 10 (16.9) 53 (17.5)

African

American

Asian 2(33) 3(4.9) 0 1(32) 1(16) 3(5.0) 3(5.1) 12 (4.0)

American 0 0 0 0 0 1(1.7) 0 1(0.3)

Indian or

Alaska

Native

Native 0 0 0 0 0 0 0 0

Hawaiian or

Other

Pacific

Islander

Other 0 0 0 0 0 0 1(17) 1(0.3)

Multiple 0 0 2(65) 0 2(32) 5(83) 1(17) 8 (2.6)

Not reported 0 0 0 0 0 1(1.7) 0 1(0.3)

Unknown 0 0 0 0 0 0 0 0
Ethnicity, n (%)

Hispanic 15 (25.0) 27 (44.3) 10 (32.3) 6 (19.4) 16 (25.8) 20 (33.3) 18(30.5) 96 (31.8)

or Latino

Not Hispanic 45 (75.0) 34(55.7) 21 (67.7) 25 (80.6) 46 (74.2) 40 (66.7) = 39(66.1) 204 (67.5)

or Latino

Not Reported 0 0 0 0 0 0 1(1.7) 1(0.3)

Unknown 0 0 0 0 0 0 1(1.7) 1(0.3)
Body mass index, kg/m?
Mean + SD 27.8+36 286 + 4.1 266 +3.6 27437 27036 277+41 | 274%41 @ 27.7%39

CMV, cytomegalovirus.

Percentages are based on the number of participants in the safety set.

#[CMV seropositive/CMV seronegative]; CMV serology results (positive or negative) were based on CMV infection prior to study treatment.
*Only participants aged 18 to 49 years were randomly assigned to receive mRNA-1647.





OEBPS/Images/fimmu-16-1501275-g001.jpg
Screening D1 D8 D15 D29 D57 D64 D85

(G soiams ] 6 » s . . ¢ 2

AR #

N
]

“““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““ # Multi-dose vaccines

D1

SARS-CoV-2 bivalent WA/BA.4/5 (MRNA-1273.222); n=60

g D
L]
o 090
RSV F glycoprotein (MRNA-1345); n=60 1:1 .. [ BN
18-49 years: ®e0°
50-75 years Safety and H | Cytokines/
i 5 e afety an umora !
Influenza HA quadrivalent (mMRNA-1010); n=60 reactogenicity immunity chemokines
All vaccine groups Single-dose Single-dose vaccine
FLUAD (adjuvanted quadrivalent influenza) n=60 vaccine groups groups; 2-dose

mRNA-1647 group

&\D1&\DS7
CMV pentamer and gB (MRNA-1647); n=30
p1ps7  \D169 18-49 years

T cell

CMV pentamer and gB (MRNA-1647); n=30 . .
immunophenotyping

Ag-specific T cells

mRNA-1273.222 & mRNA-1345 vaccine groups





