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S VAR, R T COVID-19 12645 U 7 F U BIRNZEICHE, nRNA U 7 F o TF ) 7 A )L AR
=0 FHEOFHES VT 4 U7 FURADBFER LI TS, KR mRNA U 7 F A3IEEITAE R
HERENS OO, RIFICOBHERLEIEE b BWHEARH Y, ZNHICHELL EEZEZX N Y 7 TF Uy
BLOEAEAMICHT 5 b M OISEMEIC OV TIIRBZR SN L, U 7 F o O ER L ORIRG
X, BERGRE R IR | 3 L ONEMESIE OFFE LIS LITIRIF T 5 7o RBFFE S L— 7 Cld, COVID-
19 U7 F AR L OGO x4 4 LARA > hOE FEMMEEMEZIEL, V7 Fr0R
VEFs KL ORIBOSIZFABE S 2 B AR Sugfiiia, AR PEsaZ e, d6 K ONRIESEMIRL DIRRE 21T > T D &
Too AT BT, BFREEESMIRO T 7 F VB MEZ SR - FHE L, U7 F o 8fEE 2k — b
BiEZ RN 7 F -, F—T— DR F—3 g U E2TVOD, FRICESWEHREX VT U
F AN DA M « 2 eVERIE O B 6 X ONEIELERIEI T A KT A ROMERICH A 22 w17 —
2 OfRMEEZ BE LT, 4%, mWAIMEZ RO ORI EZIMZ T2V 7 F U RAORFRE 2 IEh S8 572
DIV, AFZEIC K DG NE - L aMERHIHE DR CEIR L EHEI T A N7 A4 VROERICER T —%
RERVLETHD LB BN,
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AT, TR — MFET —F KOS F~v— D=5 EH LIV 7 F U iHlR 2L L, kDT
7 F WEEREE BT A - et E THIRTRRIC T A Z L A BEE L T\ e, AF0 4 4EEEIZ, COVID-19
U7 F v am— MIFRIZOWTO 2 DOREFRINIFER LA B » ##i 41 (Takano T, et al. Cell
Reports Medicine. 3(5):100631. 2022; Takano T, et al. Nature Communications. 14:1451. 2023).
DM T — 2N T 7 F VRSO NA A~ —T1— i & LT < 0o BRGE MR ZFRE L.
FNHEGA LEHlROWELZED TE -, L, adh— MIJET —4 % in vitro alfiRIZK B S
THDITEFICHETHD Z VAL, v~ T AETALEED T, L0 LT WRHMERIZOWN
THRFAT2Z 81T Lz, ADU 7 F UERRICAE D BSOS OFHIIC W T, BELISOIZE A EDHEE OF
A, FER, SR, MEEUER. AhPYdE. BIER) 13, IEENCK T A KOS VREIE Lo TN D, £ I T,
RNA U7 F i~ 7 ADFREL LOHREHRL T L 2 A, #HEEEIKAFL T, KNIRO LR &%
HEEOK TFTEZRETED Z ENHLMNE Rl T, RFMRIINERIETH B~ 7 AEREBAHIE X
VIEEN R L | RIS ORHEBHERE & AOGE EFEILTHhD Z D, FiY 7 F URIIGTHEHR & L
THETHD EEZ BN, BISUGHHER ORGEILD 7=, 5%, TR TL 2 etk & 587 R
FOFHOA A ACIEEZ G RNA U7 F U2 ER L AFHERCTHIE LI L 2 A, BIYTORNA U Y F
& FEDOPURISE 2758 L SORIRSDIRNT 7 F A5df fh & LH Uiz, AR O b &2 8 5 72
I, ¥~V AETNVETRIBUSEREA =R DZOWTIRIT LIz 2 A, RIEVEYA A v D—F IL-1
INT D F R ORBCELG L TEY, IL-1 OFEIIE FBXO~ T AW THHRISE IR L
PNWZ L AR T AT — 2N E BT (Takano T, et al. SSRN [Preprint]. 2025), BEEDV 7 F 2 1V
IL-1 PEAEDHZMR T 7 F 2 OFFIZ LY . SERMETIHER S 2 DRIBOS DIEAL A XL D &5 2
bND, VI FUBBEOMHIRIZIN T, RIS~ v 2T 7 V& AW IBOSHHE GEEEE @ %
B, AREIHROMKT) HHEREINS,

il et o0 A 0D B 5

U7 F v ORFE X OHIRE VEREREM 2 3 7 o Tik, Y-S EAE LI & o 72 BRRAOZEA & AR
T B0 FIK F DORENEB TH D, COVID-19 U 7 F Wi O AR L HEEER 2 V. T o sERE
ZHIET A% & LT Intracellular cytokine staining(ICS) 7 v & A4 & Activation induced
markers (AIM) 7 v A NZDOWTHEZ L, AIM 7 v AL ICS KV b 3505 10 (5 EESBUZHURFERR)
THIIZ T2 Z ERHLMNI o7, Fho. ZOAMT vt A OREEEIRT OV A NI A ¥R Z2HE
T 52 LT, T MBOBERENEZ SO BAICFHECE 2 Z LB LN o7z, S HITARMFZETIL,
8 HRHIEEEZRIZ ICS 7 vk A (8 HEEE/ICS T vk A) 1752 & T, BH—xt h—T7HRA~L/—T
HIRE & o T 8D THRAHEE O FIRL O HH 72 & DNCTHERERHMI S PIRE T 2 Z L A BT LTz, BLEDORE:
5 T HIFLOBSREREAM & L CIid D 7 T2 BARBFZE D & TR TR DRk % 72 B & Rl 3, dUE - fifE
DBLEDDIE AIM 7 A PRSI, FFEOT Y h—7HURICRR RN EHEEEM 2 R E T 555
%8 HEFHR/ICS 7 v A BHERE S LD,

RIS T 5 D B %

HRIMESRIZEIL mRNA U 7 F U Ko TIEMAL U, FEA S A7 HRPLIRAm 23 S IR 0 1 S OFFHE & 72
5, U FUBRBHICHAIEE 2 TR TE DN, =T —NAONNITEFHNTH D Z L0 b,
PURISEFIBEIR T ORBE &2 1T o 1=, COVID-19 U 7 F L Whpeffizy O R M 2 VN C. 18 T ORIz
MHEREICOW TR LIZEZ A, mRNA V7 FUB X OB EAEY 7T 00 2 DOEX Y T 1128k
8L CHRRIPLAn & A9 5 BRI & L NK a7 v R &[FE L7 (Takano T, et al. Cell
Reports Medicine. 3(5):100631. 2022; Takano T, et al. MNature Communications. 14:1451. 2023),
FTo, Bl 7R RNERE IR & LT, 1 25 RBD /X)L & W2 COVID-19 U 7 F BT 545 1g6 7
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7 T APURERHG R 2 5L LT, b MEEFRMRIBIZEW T, mRNA U 7 F U HERED 1gG1 & 1gG3 1%, H#ft
ZEAEY 7 FUoBEREEO LD LR TWL OO b =712/ 23& 0 . RBD ZEF A~ DA 550 VE
IS EEAFAET D 2 E DR S ulz, £z, ITHFERE SILTWEmRNA U7 F U0 3K UEEREIC X 5 T1gG4
FIEOHIMBLGIE, mRNA U 7 F U BFERES T T <. mRNA U7 F U NG OB ERE Y 2 T T
— A A —EERICBOTHBO LN, S5, U F UMM T RBD 161 i & £ PERIFG &1
EQOMHBARRD b, V7 Friili-t MUSETIRREE SR A -V 6| i 161 JREED &
& HERRMIICIS T D Fe ZBEREZIN LY 7 F o hui-1e6l EE RIS 2INEMES R I D Z &2
RIS, RA D =X APEIFOERIEICFE LW D afREMES Bt S vz, U 7 5 2 BRI ZE D 4 B ik 1
BT, GRS TRIO =012, BRI DR AP SR AR R 2L L, %
o EMAEDE T multiplex assay Ra AW OIRMEGRIEREM  GHEEE : FAPUAMN, k= h—
7L PR T 7 T R) RIS,

% 3L : In recent years, the development of vaccines against COVID-19 has progressed rapidly
worldwide, leading to the practical application of novel modality vaccine formulations such as mRNA
vaccines and adenoviral vector vaccines. Among these, mRNA vaccines have demonstrated
remarkably high efficacy; however, they are also associated with relatively frequent and severe
adverse reactions. The immunological responses of human immune cells to vaccine components and
their byproducts, which are believed to be involved in such adverse events, remain poorly understood.
Since vaccine efficacy and adverse reactions depend on the induction and activation of innate, cellular,
and humoral immunity, our research group has collected peripheral blood mononuclear cells (PBMCs)
from vaccinated individuals at various time points before and after COVID-19 vaccination to identify
immune cells that correlate with vaccine efficacy and adverse events. In this study, we further aim to
analyze and evaluate the vaccine responsiveness of each immune cell type in detail, validate vaccine
biomarkers using cohort samples from vaccine recipients, and ultimately provide immunological data
useful for the development of evaluation methods for the efficacy and safety of new vaccine modalities,
as well as for drafting regulatory guidelines for pharmaceuticals. To accelerate the development of
vaccines that maintain high efficacy while minimizing adverse reactions, it is essential to develop
evaluation methods for vaccine efficacy and safety, and to provide data that contribute to the creation
of regulatory guidelines.

When evaluating adverse reactions in humans, aside from fever, most symptoms (e.g., pain, chills,
headache, fatigue, myalgia, arthralgia) are assessed by their impact on daily activities. Investigations
into fever and spontaneous activity in mice after RNA vaccine administration revealed that both body
temperature elevation and reduced activity were dose-dependent. This new evaluation method proved
more sensitive than conventional body weight loss measurements and closely mirrored the time course
of adverse reactions in humans, indicating its potential as a novel system for evaluating vaccine-
related adverse reactions.To optimize this evaluation system, RNA vaccines containing existing or
novel ionizable lipids were prepared and tested. Candidate vaccines that elicited antibody responses
equivalent to current RNA vaccines but showed reduced adverse reactions were identified. Analysis
of adverse reaction mechanisms using mouse models indicated that the inflammatory cytokine IL-1
contributes to post-vaccination fever. Data suggested that IL-1 inhibition does not affect antibody

responses in either humans or mice (Takano T, et al. SSEN [Preprint/. 2025). Thus, vaccines that
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selectively suppress IL.-1 production may reduce adverse reactions while maintaining immunogenicity.
Early-stage vaccine development is recommended to include evaluation of adverse reactions using
mouse models, with fever and reduced spontaneous activity as key indicators.

To develop vaccines and evaluate their performance post-marketing, it is critical to identify
immunological factors that correlate with clinical outcomes such as infection prevention and reduction
in disease severity. Using PBMCs from vaccinated individuals, two assays were compared for
measuring T cell frequencies: intracellular cytokine staining (ICS) and activation-induced marker
(AIM) assays. The AIM assay was found to detect antigen-specific T cells with approximately 3- to 10-
fold greater sensitivity than the ICS assay. Additionally, measuring cytokine concentrations in AIM
assay culture supernatants enabled sensitive and quantitative assessment of T cell functionality.
Furthermore, performing ICS assays after an 8-day culture period (8-day culture/ICS assay) allowed
for detection and functional evaluation of extremely rare populations such as single-epitope-specific
helper T cells. Based on these findings, AIM assays are recommended for evaluating T cell function
due to their speed and simplicity across all stages of vaccine research and post-marketing surveillance,
while 8-day culture/ICS assays are preferable for assessing low-frequency populations specific to
particular epitope antigens.

Humoral immunity is activated by mRNA vaccines, with the levels of induced neutralizing
antibodies serving as a key metric for immunogenicity. Identifying early biomarkers predictive of
antibody responses would be a major advancement. A study examining the dynamics of 18 immune
cell types in peripheral blood from vaccine recipients identified NK cell subsets that correlated with
neutralizing antibody titers for both mRNA and recombinant protein vaccines (Takano T, et al. Cell
Reports Medicine 3(5):100631, 2022; Takano T, et al. Nature Communications 14:1451, 2023). A novel
humoral immunity evaluation system was also developed to assess IgG subclass antibody titers
against a panel of single-mutation RBD antigens. Clinical specimen analysis revealed epitope bias in
IgG1 and IgG3 subclasses in mRNA vaccine recipients compared to those who received recombinant
protein vaccines, suggesting reduced resistance to RBD mutations in certain epitopes. Additionally,
recent reports of increased IgG4 levels following repeated mRNA vaccinations were confirmed not only
in mRNA-only recipients but also in those boosted with recombinant protein vaccines after prior
mRNA vaccination. A positive correlation was observed between serum RBD IgG1 titers and systemic
adverse reactions at the time of vaccination. Analyses using antigen—antibody immune complexes
suggested that high IgG1 levels enhance Fc receptor-mediated responses of monocyte-lineage cells to
vaccine antigen—IgGl complexes, potentially contributing to adverse reaction mechanisms. For
immunogenicity evaluation and adverse reaction prediction throughout various stages of vaccine
development, it is recommended to use multiplex assay systems combining antigen panels and
antibody detection methods tailored to the specific purpose (e.g., binding antibody titers, antibody

epitopes, antibody subclasses).



