
Article
Distinct immune cell dyna
mics correlate with the
immunogenicity and reactogenicity of SARS-CoV-2
mRNA vaccine
Graphical abstract
Highlights
d Immune profiling of mRNA vaccinees reveals dramatic

immunological changes

d The dynamics of NK/monocyte subsets correlate with

neutralizing-antibody response

d The dynamics of dendritic cell subsets correlate with severity

of adverse events

d IFN-g-inducible chemokines, but not the receptors, are

related to these correlates
Takano et al., 2022, Cell Reports Medicine 3, 100631
May 17, 2022 ª 2022 The Author(s).
https://doi.org/10.1016/j.xcrm.2022.100631
Authors

Tomohiro Takano, Miwa Morikawa,

Yu Adachi, ..., Takayuki Matsumura,

Masaharu Shinkai, Yoshimasa Takahashi

Correspondence
matt@niid.go.jp (T.M.),
shinkai050169@gmail.com (M.S.),
ytakahas@niid.go.jp (Y.T.)

In brief

Takano et al. identify cellular correlates

for neutralizing-antibody titers and

systemic adverse events following SARS-

CoV-2 mRNA vaccination. The

involvement of IFN-g-mediated pathways

is proposed. The findings give insights

into balancing the immunogenicity and

reactogenicity of mRNA vaccine.
ll

mailto:matt@niid.go.jp
mailto:shinkai050169@gmail.com
mailto:ytakahas@niid.go.jp
https://doi.org/10.1016/j.xcrm.2022.100631
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2022.100631&domain=pdf


OPEN ACCESS

ll
Article

Distinct immune cell dynamics correlate
with the immunogenicity and reactogenicity
of SARS-CoV-2 mRNA vaccine
Tomohiro Takano,1,6 Miwa Morikawa,2,6 Yu Adachi,1 Kiyomi Kabasawa,2 Nicolas Sax,3 Saya Moriyama,1 Lin Sun,1

Masanori Isogawa,1 Ayae Nishiyama,1 Taishi Onodera,1 Kazutaka Terahara,1 Keisuke Tonouchi,1 Masashi Nishimura,2

Kentaro Tomii,4,5 Kazuo Yamashita,3 Takayuki Matsumura,1,* Masaharu Shinkai,2,* and Yoshimasa Takahashi1,7,*
1Research Center for Drug and Vaccine Development, National Institute of Infectious Diseases, Tokyo 162-8640, Japan
2Tokyo Shinagawa Hospital, Tokyo 140-8522, Japan
3KOTAI Biotechnologies, Inc., Osaka 565-0871, Japan
4Artificial Intelligence Research Center (AIRC), National Institute of Advanced Industrial Science and Technology (AIST), Tokyo 135-0064,

Japan
5AIST-Tokyo Tech Real World Big-Data Computation Open Innovation Laboratory (RWBC-OIL), Tokyo 152-8550, Japan
6These authors contributed equally
7Lead contact

*Correspondence: matt@niid.go.jp (T.M.), shinkai050169@gmail.com (M.S.), ytakahas@niid.go.jp (Y.T.)

https://doi.org/10.1016/j.xcrm.2022.100631
SUMMARY
Two doses of Pfizer/BioNTech BNT162b2 mRNA vaccine elicit robust severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)-neutralizing antibodies with frequent adverse events. Here, by applying a
high-dimensional immune profiling on 92 vaccinees, we identify six vaccine-induced immune dynamics
that correlate with the amounts of neutralizing antibodies, the severity of adverse events, or both. The early
dynamics of natural killer (NK)/monocyte subsets (CD16+ NK cells, CD56high NK cells, and non-classical
monocytes), dendritic cell (DC) subsets (DC3s and CD11c� Axl+ Siglec-6+ [AS]-DCs), and NKT-like cells
are revealed as the distinct cell correlates for neutralizing-antibody titers, severity of adverse events, and
both, respectively. The cell correlates for neutralizing antibodies or adverse events are consistently associ-
ated with elevation of interferon gamma (IFN-g)-inducible chemokines, but the chemokine receptors CCR2
and CXCR3 are expressed in distinct manners between the two correlates: vaccine-induced expression on
the neutralizing-antibody correlate and constitutive expression on the adverse-event correlate. The finding
may guide vaccine strategies that balance immunogenicity and reactogenicity.
INTRODUCTION

The Pfizer/BioNTech BNT162b2 mRNA vaccine in a two-dose

setting induces robustneutralizingantibodiesagainst severeacute

respiratory syndrome coronavirus 2 (SARS-CoV-2) with 95% effi-

cacy in preventing coronavirus 2019 (COVID-19).1 However, the

immunogenicity produced by the mRNA vaccine is frequently

associatedwithadverseevents (AEs), includingboth local andsys-

temic symptoms. The high incidence of AEs is likely caused by the

pro-inflammatory nature ofmRNA vaccines; however, themecha-

nism underlying the high immunogenicity and reactogenicity are

limited owing to the lack of sufficient information on the early im-

mune responses following vaccination. To this end, it is crucial to

characterize the early immune cell dynamics that are initiated

soon after vaccination and trigger subsequent immune responses

behind the immunogenicity and reactogenicity.

In previous studies, a systems vaccinology approach based

on transcriptional profiling was applied to dissect the early

immune responses following administration of the influenza

inactivated,2,3 live-attenuated yellow fever,4 live-attenuated
Cell R
This is an open access article under the CC BY-N
tularemia,5 and SARS-CoV-2 mRNA vaccines.6 Influenza vacci-

nation of individuals with pre-existing immunity triggers a rapid

reduction of natural killer (NK) cell numbers in peripheral blood;

however, it fails to reduce the numbers of NK cells in elderly in-

dividuals with compromised antibody responses.2 Alternatively,

Arunachalam et al. revealed, following the second dose of Pfizer/

BioNTech BNT162b2 mRNA vaccine, an expansion of heteroge-

neous cell clusters, comprising CD14+ monocytes, cDC2, and

other unknown cell subsets. Moreover, the monocyte-related

gene signatures were found to be associated with neutralizing

antibody titers 3 weeks after the secondary vaccination.6 Thus,

the early immune cell signatures associated with neutralizing

antibody responses are elucidated by transcriptional profiling,

while the immune cell dynamics underlying the AEs remain unex-

plored. Elucidation of these aspects has the potential to provide

key insights for developing vaccine strategies to elicit strong

neutralizing-antibody responseswhileminimizing the associated

reactogenicity.

In this study, we sought to elucidate the early immune cell dy-

namics associated with eliciting neutralizing antibodies and
eports Medicine 3, 100631, May 17, 2022 ª 2022 The Author(s). 1
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post-vaccination symptoms in mRNA vaccinees. To this end,

healthcare workers without prior history of SARS-CoV-2 infec-

tion were enrolled, and the frequencies of 18 immune cell sub-

sets were quantitated in peripheral blood using high-dimensional

flow cytometric analysis in the pre- and post-vaccination state

during primary and booster vaccinations. Based on our analysis,

we then classified early immune events into three groups: corre-

lates for neutralizing antibodies, correlates for AEs, and

correlates for both. Identification of these immune correlates ad-

vances our mechanistic understanding regarding the immuno-

genicity and reactogenicity of the Pfizer/BioNTech BNT162b2

mRNA vaccine.

RESULTS

Immune profiling of BNT162b2 vaccination reveals
dramatic immunological changes after secondary
vaccination
A total of 92 healthcare workers who received the Pfizer/

BioNTech BNT162b2 mRNA vaccine were enrolled in this study.

The median age was 39 years (interquartile range [IQR]: 28–50),

ranging from 22 to 72 years, and 29/92 vaccinees (32%) were

male. No significant difference was detected in median age be-

tween males (n = 29, median: 40, IQR: 28–60) and females (n =

63, median: 39, IQR: 29–46). Males (n = 29, median: 23.9, IQR:

21.6–24.7) had a significantly higher body mass index (BMI)

than females (n = 58, median: 20.9, IQR: 19.4–23.4). The preva-

lence of comorbidities (hypertension, diabetes mellitus, and dys-

lipidemia) was higher in males (5.43%, n = 29) than females

(1.23%, n = 63) (Figure 1A). None of the participants had prior

histories of COVID-19 diagnosis or anti-nucleocapsid antibodies

in pre- or post-vaccinated plasma during the study period, sup-

porting that SARS-CoV-2 immunity observed in this study was

activated by the vaccination, and not by the infection.

AEs, including local and systemic symptoms, within 1week af-

ter vaccination were evaluated as symptom scores based on a

self-reported questionnaire (Figure 1A; Table S1). The same

criteria used for the clinical trial of the BNT162b2 mRNA vaccine

was applied in this study.1 Immunoglobulin G (IgG) against spike

protein receptor-binding domain (RBD) and neutralizing (NT) an-

tibodies in plasma were quantified at the indicated time points

(Figure 1A). The vaccineeswho received the first dosewere sero-

positive for RBD IgG (100%) andNT titers (74%) at 3 weeks post-

vaccination, and the secondary vaccination further boosted the

magnitudes of antibody titers to the levels in convalescent

plasma from those who had recovered from severe COVID-19

(Figures 1B and 1C).7 A more dramatic increase in NT titers rela-

tive to RBD IgG titers resulted in a significant elevation of the NT

potency index (NPI; NT activity per RBD IgG) (Figure 1D), an anti-

body parameter correlating with affinity maturation.7

Consistent with previous studies,1,8–13 both the local and sys-

temic symptom scores increased 1.4- and 3.8-fold after second-

ary vaccination, respectively, relative to those after primary

vaccination (Figure 1E). Increased scores of AEs resulted from

higher incidence and elevated grades of systemic symptoms,

including fever, fatigue, headache, and chills after the secondary

vaccination (Figures 1F and 1G). However, the frequencies of

AEs in this study were slightly elevated compared with those in
2 Cell Reports Medicine 3, 100631, May 17, 2022
the original trial.1 For example, a higher incidence of fever

(28% versus 16%) and fatigue (72% versus 59%), possibly re-

flecting a younger median age (39 versus 52 on average) and a

higher female ratio (68% versus 49%), were observed in this

study. Those who had severe local symptoms following primary

vaccination tended to suffer from local symptoms again after

secondary vaccination (Figure 1H), whereas no significant corre-

lation was noted for systemic symptoms between primary and

secondary vaccination (Figure 1I). The dissociation between

the primary and secondary responses and exaggeration of sys-

temic symptoms during the secondary response suggests the

possible involvement of immune memory, which includes not

only the responses by memory T and B lymphocytes14–18 but

also epigenetic remodeling (so-called trained immunity) in

myeloid cells.3,6

To elucidate the early vaccine-induced immune responses, pe-

ripheral blood, collected on day 1 after primary and secondary

vaccinations, was subjected to high-dimensional flow cytometric

phenotyping,which quantifies 18 immunecell subsets at high res-

olution (Figure S1). The eighteen cell subsets included three

myeloid-derived suppressor cell (MDSC) subsets (early-stage

MDSCs [e-MDSCs], monocytic MDSCs [M-MDSCs] and poly-

morphonuclear MDSCs [PMN-MDSCs]), B cells, CD4+ T cells,

CD8+ T cells, two NK cell subsets (CD16+ NK cells and

CD56high NK cells), NKT-like cells, which are known as a subset

of T cells that serve as a bridge between innate and adaptive im-

munity,19 three monocyte subsets (classical monocytes, non-

classical monocytes, and intermediate monocytes), and six den-

dritic cell (DC) subsets (conventional DC1s [cDC1s], cDC2s,

DC3s, CD11c+ Axl+ Siglec-6+ DCs [AS-DCs], CD11c- AS-DCs,

and plasmacytoid DCs [pDCs]) (Table S2). The frequency of

each cell subset was quantified as a percentage of CD45+ cells

(Figure S2), and then the fold increases or decreases from pre-

to post-vaccination were calculated and defined as cell dynamics

hereafter. Uniform manifold approximation and projection

(UMAP) was applied to visualize the trajectory of vaccine-induced

dynamics of 18 cell types following primary and secondary vacci-

nations (Figure 1J). Pre-vaccination samples (days 0 and 21) were

merged with each other and revealed the baseline landscape

based on 18 cell-type frequencies in the UMAP space. Of note,

post-vaccination samples following primary (day 1) and second-

ary (day 22) vaccinations showed distinct distributions from the

pre-vaccination states. The samples shifted slightly to the lower

left in the primary responses, but those from the same donors

shifted away from the pre-vaccination space to the lower right

space in the secondary responses. The distinct trajectories and

clustering obtained using UMAP between the primary and sec-

ondary vaccinations are likely independent of age, gender, and

BMI (Figure S3), as these parameters failed to define the clusters

revealed after vaccination. Thus, the UMAP results provided a

visualization of the profound and distinct dynamics of immune

cells during secondary responses.

Early dynamics of NK and monocyte subsets link to NT
antibody response
The possible links between these immune cell dynamics and

antibody responses were evaluated during the primary (Fig-

ure 2A) and secondary (Figure 2B) responses. The dynamics of



Figure 1. Two doses of BNT162b2 vaccine elicits robust antibody responses and adverse events with distinct immune cell dynamics

(A) Cohort demographics are summarized: age, body mass index (BMI), and comorbidities (left). HT, hypertension; DM, diabetes mellitus; DL, dyslipidemia. A

cohort of healthcare workers with two BNT162b2 doses (n = 92) was evaluated for antibody responses, incidence of adverse events, dynamics of immune cells

among PBMCs, and cytokine/chemokine production (right).

(B–D) Antibody responses elicited by vaccination. RBD IgG titer (B), pseudotyped virus-neutralizing-antibody (NT) titers (C), and neutralization potency index (NPI)

(D) were assessed; vaccinees, n = 92; convalescent, n = 25. Bars represent the median, and each dot represents the data for an individual participant in (B)–(D).

RBD IgG threshold titer for seropositive is shown as a dotted line in (B). Detection limit of peudotyped virus NT titer is shown as a dotted line in (C).

(E) Total symptom-severity scores for local and systemic symptoms were assessed. Circles connected with a line represent data from the same individual.

(F and G) Frequencies and severity of local (F) and systemic (G) symptoms are shown; n = 92.

(H and I) Correlations between primary and secondary symptom-severity scores of local (H) or systemic (I) symptoms. The sizes of circles indicate the number of

individuals. n = 92.

(J) UMAP of 18 immune cell frequencies was performed; n = 92. Each dot represents the data for an individual participant and is colored by time point.

Statistical significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Mann-Whitney test in (A); Kruskal-Wallis test in (B)–(D); Wilcoxon

test in (E); Fisher’s exact test in (F) and (G); and Spearman’s rank-order coefficient test in (H) and (I).

See also Figures S1–S3 and Tables S1 and S2.

Article
ll

OPEN ACCESS
CD4+ T cells after primary vaccination were inversely correlated

with primary RBD IgG titers (Figure 2A); however, this correlation

was not extended to functional NT titers (Figure 2A). Following

secondary vaccination, negative correlations were detected be-

tween NT titers and the dynamics of four cell populations (CD16+

NK cells, CD56high NK cells, NKT-like cells, and non-classical

monocytes) (Figures 2B–2F), indicating that vaccinees with a
more profound reduction in these cells had higher NT titers. It

should be noted that the frequency of NK and NKT-like cells

decreased in >70% of the vaccinees in response to secondary

vaccination, likely reflecting the rapid recruitment of these cell

subsets into inflammatory sites, as previously observed.20,21

Monocytes are identified as a correlate for antibody responses

following SARS-CoV-2 mRNA vaccines.6 In our study, the
Cell Reports Medicine 3, 100631, May 17, 2022 3



Figure 2. Early dynamics of NK, NKT, and monocyte subsets link to neutralizing-antibody response

(A) Heatmap representation of Spearman correlation matrix between cell dynamics (d1–d0 post/pre ratios) and antibody responses after primary vaccination. n = 92.

(B) Heatmap representation of Spearman correlation matrix between cell dynamics (d22–d21 post/pre ratios) and antibody responses after secondary vacci-

nation. n = 92.

(C–F) Correlation of NT titer (d47–51) and cell dynamics (d22–d21 post/pre ratios). (C) CD16+ NK cells. (D) CD56high NK cells. (E) NKT-like cells. (F) Non-classical

monocytes. n = 92. Each dot represents the data for an individual participant in (C)–(F).

(G) Heatmap representation of Spearman correlation matrix between cell dynamics (d22–d21 post/pre ratios)/antibody responses and cytokines/chemokines.

n = 92.

Statistical significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Spearman’s rank-order coefficient test. Spearman’s r values are

indicated in each cell in (A), (B), and (G) and above the plots in (C)–(F).

See also Figure S4.
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vaccinees with a more profound reduction in non-classical mono-

cytes mounted higher amounts of NT (Figure 2F). Likewise, those

who had reduced numbers of NK subsets following vaccination

produced greater amounts of NT (Figures 2C and 2D), resembling

previous findings in influenza vaccinees.2 Overall, the cellular sub-

sets identified by our immune-profiling approach partially overlap-

ped with those from previous studies using transcriptional
4 Cell Reports Medicine 3, 100631, May 17, 2022
profiling, suggesting the convergence of monocyte and NK cell

subsets during early vaccine-induced responses irrespective of

vaccine modality.

To assess the possible regulatory cytokines and chemokines

in the identified cell dynamics, we quantified the concentrations

ofmultiple cytokines and chemokines in the plasma (Figure S4A),

and then the post/pre ratios were calculated and defined as



Figure 3. Adverse events correlate with

neutralizing antibodies

(A)Heatmap representationofSpearmancorrelation

matrix between symptom severity scores and anti-

body responses (primary vaccination). n = 92.

(B and C) RBD IgG (B) and NT titers (C) were evalu-

ated based on the local symptom severity scores

after primary vaccination. 0, n = 15; 1–2, n = 65;R3,

n = 12.

(D and E) RBD IgG (D) and NT titers (E) were evalu-

ated based on the systemic symptom severity

scores after primary vaccination. 0, n = 40; 1–4, n =

47;R5, n = 5.

(F) Heatmap representations of Spearman correla-

tion matrix between symptom severity scores and

antibody responses (secondary vaccination). n = 92.

(G and H) RBD IgG (G) and NT titers (H) were eval-

uated based on the local symptom severity scores

after secondary vaccination. 0, n = 11; 1–2, n = 56;

R3, n = 25.

(I and J) RBD IgG (I) and NT titers (J) were evaluated

based on the systemic symptom severity scores

after secondary vaccination. 0, n = 15; 1–4, n = 39;

R5, n = 38.

(K) Heatmap representations of Spearman correla-

tion matrix between symptom severity scores and

cytokinedynamics (d22–d21post/pre ratios). n =92.

Data are shown as the median and points indicate

each participant in (B–E). Statistical significance is

indicated as follows; *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001, Spearman’s rank-order

coefficient test in (A, F, and K); Kruskal-Wallis test in

(B–E, G–J). Spearman’s r values are indicated in

each cell in (A, F, and K).
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cytokine dynamics. The amounts of interferon gamma (IFN-g),

interleukin-6 (IL-6), IL-10, IFN-g-inducible protein 10 (IP-10),

monocyte chemoattractant protein-1 (MCP-1), and monokine

induced by IFN-g (MIG) increased following secondary vaccina-

tion (Figure S4A) andwere inversely correlatedwith the dynamics

of NK and NKT-like cells, known producers of IFN-g (Figure 2G).

Furthermore, the dynamics of these cytokines and chemokines

following secondary vaccination positively correlated with NT
Cell Re
titers (Figure 2G). Together, these data

suggest that rapid migration of these

cell subsets into inflammatory sites en-

hances the systemic production of IFN-g

and its inducible chemokines and that

the NK-IFN-g pathway correlates with

the subsequent magnitude of antibody

responses,22 which is consistent with pre-

vious results using systems vaccinology

approaches6 and systemic cytokine/che-

mokine analysis.23

Correlations between AEs and NT
antibodies
Considering that correlations between

antibody titers (RBD IgG) and AEs

remain controversial,8–12,24 we quanti-

fied the functional NT titers in our
cohort. We found a significant correlation between pain at

the injection site and RBD IgG/NT titers (Figure 3A), while

the sum of local symptoms was linked to the NT titers only

(Figure 3A). The vaccinees were then classified into three

groups based on their symptom scores, and antibody titers

were compared among the groups with different symptom

severity (Figures 3B–3E). Upon primary vaccination, NT titers,

not RBD IgG, were >5-fold higher in the vaccinees with severe
ports Medicine 3, 100631, May 17, 2022 5
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local symptoms (>3) compared to those without symptoms

(Figures 3B and 3C). However, antibody titers following pri-

mary vaccination were not correlated with the severity of sys-

temic symptoms (Figures 3D and 3E), suggesting that primary

antibody responses are largely governed by local immune re-

sponses. No significant correlations between the vaccine-eli-

cited cytokines/chemokines (IL-6, IL-8, IL-10, and IP-10) and

the antibody titers or the symptom-severity scores following

the primary vaccination suggested the dissociation of these

systemic events with local immune responses (Figure S4B).

In contrast to the primary immune responses, the NT titers

following secondary vaccination correlated with multiple sys-

temic symptoms but not with local symptoms (Figures 3F–3J).

A comparative analysis revealed a 2.5-fold increase in NT titers

in those who suffered from severe systemic symptoms, while

RBD IgG titers remained unchanged (Figures 3I and 3J). These

results revealed the dose- and symptom-dependent correlations

between NT titers and symptoms, highlighting the links between

local symptoms and primary NT titers as well as those between

systemic symptoms and secondary NT titers. In analogy to the

NT titers, the vaccine-elicited IFN-g, IL-6, IP-10, and MCP-1

positively correlated with the severity of systemic symptoms

following secondary vaccination (Figures 2G and 3K).

Early dynamics of DC subsets link to AEs
Next, we attempted to identify the cell dynamics that are more

tightly linked to AEs than to antibody responses, as such infor-

mation is important for attenuating AEs without compromising

the immunogenicity of vaccine. To identify such immune

events, correlation analyses were performed between the

cell dynamics and local/systemic symptoms during the pri-

mary (Figure S5) and secondary responses (Figures 4A and

4B). No significant correlations were observed between the

sum of symptoms and cellular dynamics during the primary

response (Figure S5); however, three cellular populations

correlated with the sum of systemic, not local, symptoms dur-

ing the secondary responses (Figures 4A and 4B). Among

them, the dynamics of NKT-like cells after secondary vaccina-

tion were also found to negatively correlate with the severity of

systemic symptoms (Figure 4C); meanwhile, the dynamics of

CD11c� AS-DCs and DC3s after secondary vaccination were

negatively correlated with the severity of systemic

symptoms, not with antibody (Ab) responses (Figures 2B,

4D, and 4E).

We evaluated the discriminative value of the identified

cellular dynamics for systemic symptoms and antibody titers

following secondary vaccination. First, three cell populations

(NKT-like cells, DC3, and CD11c� AS-DCs) were selected

(Figure 5A) and combined into a Z score to visualize the corre-

lation with NT titers and systemic-symptom scores (Figure 5B).

The combined parameter showed a stronger correlation with

systemic-symptom scores than individual parameters (Fig-

ure 5B; r = �0.34 versus r = �0.30 to �0.22 in Figures 4C–

4E); however, it failed to correlate with NT titers. Next, to

assess the utility of these three parameters for identifying a

subgroup of vaccinees with severe reactogenicity, the vacci-

nees were separated into matched groups that were positive

(i.e., post/pre ratios were below the median of the cohort)
6 Cell Reports Medicine 3, 100631, May 17, 2022
for all three parameters and unmatched groups that were

negative (i.e., post/pre ratios were above the median of the

cohort) for three parameters. There was no significant differ-

ence in gender distribution between the groups (matched

group: male, n = 4; female, n = 15, and unmatched group:

male, n = 7; female, n = 11, p = 0.2953, Fisher’s exact test).

Classification by the three parameters slightly, but not signifi-

cantly, increased the NT titers in the matched group, whereas

the matched group led to a significant 2.3-fold increase in sys-

temic symptoms (Figure 5C).

The two parameters (DC3s and CD11c� AS-DCs) linked to the

AEs, but not to NT titers, were combined (Figure S6A). The com-

bined Z score correlated with systemic-symptom scores but not

with NT titers (Figures S6B). Also, the subgroups of the vacci-

nees that werematched or unmatched with two selected param-

eters mounted equivalent NT titers; however, thematched group

had higher systemic-symptom scores by 1.8-fold comparedwith

those of the unmatched group (Figure S6C). Again, no significant

differencewas observed in gender distribution between the clas-

sified groups (matched group: male, n = 10; female, n = 20, and

unmatched group: male, n = 12; female, n = 18, p = 0.7892,

Fisher’s exact test).

IFN-g-inducible chemokine responses and peripheral
decreases of DC subsets
To gain mechanistic insights for the decreasing numbers of indi-

cated cell subsets in peripheral blood, the fold increases of vac-

cine-elicited cytokines/chemokines were compared between

the matched and unmatched groups (Figure 5D). The secondary

vaccination elicited IFN-g and IFN-g-inducible chemokines (IP-

10, MCP-1, andMIG) at significantly higher levels in thematched

group than in the unmatched group (Figure 5D), revealing the

elevation of IFN-g and the inducible chemokines as the early im-

mune signatures in the matched group.

The expression levels of activation markers (CD69 and

CD86), chemokine receptors (CXCR3 and CCR2), and pre-

apoptotic Annexin V markers were quantitated in three cell

subsets (NKT-like cells, DC3, and CD11c� AS-DC) of AE cor-

relates. CD69 and CD86 were chosen as the activation

markers for NKT-like cells and DC subsets, respectively.

CCR2 and CXCR3 expression were examined as the receptors

for MCP and IP-10/MIG, respectively.25–28 It should be

mentioned that CXCR3 is also downregulated in activated

T cells.29 All available samples from matched and unmatched

groups were subjected to the phenotypic analysis using these

markers.

CD69 expression was more profoundly upregulated in NKT-

like cells from the matched group by the vaccination, but CD86

expression was equivalent in both matched and unmatched

groups (Figure 5E), suggesting more prominent activation of

NKT-like cells, but not DC subsets, in thematched group. Down-

regulated CXCR3 expression in NKT-like cells from the matched

group further support the activation status and imply the

possible contribution of this cell subset as the IFN-g-producer

cells (Figure 5F). CXCR3 was constitutively expressed in the

CD11c� AS-DC, but not the DC3, subset, independently of the

vaccination status (Figures 5F and 5H). Likewise, CCR2 was

constitutively expressed in DC subsets from both groups



Figure 4. Early dynamics of NKT and DC subsets link to adverse events

(A) Heatmap representations of Spearman correlation matrix between cell dynamics (d22–d21 post/pre ratios) and local symptom severity scores (secondary

vaccination). n = 92.

(B) Heatmap representations of Spearman correlation matrix between cell dynamics (d22–d21 post/pre ratios) and systemic symptom severity scores. n = 92.

(C–E) Correlation of systemic symptom scores and cell dynamics (d22–d21 post/pre ratios). (C) NKT-like cells. (D) DC3s. (E) CD11c� AS-DCs. n = 92. Statistical

significance is indicated as follows; *p < 0.05, **p < 0.01, ***p < 0.001, Spearman’s rank-order coefficient test. Spearman’s r values are indicated in each cell in (A

and B), and above the plots in (C–E). See also Figure S5.
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(Figures 5G and 5I), suggesting that these DC subsets respond

chemotactically to IFN-g-inducible MCP, IP-10, and MIG that

are secreted upon the secondary vaccination. Comparable An-

nexin V binding in three cell subsets between the matched and

unmatched groups reduces the likelihood that decreasing

numbers of the subsets in the matched group are mediated by

apoptotic cell death (Figure S6D).
Peripheral decrease of NK and monocyte subsets links
to NT antibody titers
Similar to cell correlates for systemic AEs, we next sought to

evaluate the cell correlates for NT titers following secondary

vaccination. The four (CD16+ NK cells, CD56high NK cells, non-

classical monocytes, and NKT-like cells) or three (CD16+ NK

cells, CD56high NK cells, and non-classical monocytes)
Cell Reports Medicine 3, 100631, May 17, 2022 7



Figure 5. The combination of NKT and DC subset dynamics classify a subgroup of vaccinees with severe adverse events

(A) Scheme of the 3-parameter model related to adverse events (AEs).

(B) Z score calculated based on three parameters (i.e., the post/pre ratios of NKT-like cells, DC3s, and CD11c- AS-DCs). Correlation of Z score and NT titers at

days 47–51 and systemic-symptom-severity scores. n = 92.

(C) Participants were stratified into matched and unmatched groups for the 3-parameter model related to AEs. NT titers and systemic-symptom-severity scores

compared between matched and unmatched groups. Matched group, n = 19; unmatched group, n = 18.

(D) Cytokine dynamics (d22–d21 post/pre ratios) are compared between AE-related matched and unmatched groups. Matched group, n = 18; unmatched group,

n = 16 (AE 3-parameter).

(E–G) Differences in expression levels of CD69 or CD86 (E), CXCR3 (F), and CCR2(G) between d22 and d21 were compared between AE-related matched and

unmatched groups. Matched group, n = 18; unmatched group, n = 16 (AE 3-parameter). GMFI, geometric mean fluorescence intensity.

(H and I) Representative histogram plot for expression levels of CXCR3 (H) and CCR2 (I) on DC3s and CD11c- AS-DCs at day 21. Plasmacytoid DCs (pDCs) were

plotted as CXCR3 positive control (H) and classical monocytes (cMos) were plotted as CCR2 positive control (I). Bars represent the median, and each dot rep-

resents data for an individual participant in (C)–(G).

Statistical significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,Mann-Whitney test in (C)–(G) (matched versus unmatched groups),

Spearman’s rank-order coefficient test in (B) and (E). Spearman’s r values are indicated above the plots in (B).

See also Figure S6.
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Figure 6. The combination of NK, NKT, and monocyte subset dynamics classify a subgroup of vaccinees with high neutralizing-antibody

responses

(A) Scheme of the 4-parameter model related to antibody responses.

(B)Z score calculated based on four parameters (i.e., the post/pre ratios of NKT-like, CD16+NK, CD56high NK, and non-cMOs [ncMos]). Correlation of Z score and

NT titers at days 47–51 and systemic-symptom-severity scores. n = 92.

(C) Participants were stratified into matched and unmatched groups for the 4-parameter model related to antibody responses. NT titers and systemic-symptom-

severity scores compared between matched and unmatched groups. Matched group, n = 22; unmatched group, n = 24.

(D) Cytokine dynamics (d22–d21 post/pre ratios) are compared between Ab-related matched and unmatched groups. Matched group, n = 21 (d21), n = 22 (d22);

unmatched group, n = 17 (d21), n = 18 (d22) (Ab 4-parameter).

(E–G) Differences in expression levels of CD69 or CD86 (E), CXCR3 (F), and CCR2 (G) between d22 and d21 were compared between Ab-related matched and

unmatched groups.Matched group, n = 21 (d21), n = 22 (d22); unmatched group, n = 17 (d21), n = 18 (d22) (Ab 4-parameter). GMFI, geometric mean fluorescence

intensity. Bars represent the median, and each dot represents data for an individual participant in (C)–(G).

Statistical significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, Mann-Whitney test in (C)–(G) (matched versus unmatched groups), Spearman’s

rank-order coefficient test in (B). Spearman’s r values are indicated above the plots in (B).

See also Figure S7.
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Figure 7. Model for immune cell dynamics

relevant to neutralizing Ab responses or

AEs after secondary mRNA vaccination

Second dose of BNT162b2 vaccine promotes IFN-

g secretion from producer cells, including acti-

vated NKT-like cells and NK cell subsets, that

upregulate CD69 and downregulate CXCR3 (NKT-

like cells only). IFN-g then enhances the secretion

of IFN-g-inducible chemokines (MCP-1, IP-10,

and MIG) at the inflammatory sites. Following

vaccination, NK cell subsets (CD16+ NK and

CD56high NK) and ncMos upregulate CCR2 and

CXCR3, respectively, increase the chemotactic

activity to MCP-1, IP-10, and MIG, and migrate

into the inflammatory sites, contributing to the

enhancement of neutralizing Ab responses. DC3

and CD11c- AS-DC subsets also migrate into the

inflammatory sites in response to the same che-

mokines, owing to their constitutive expression of

CCR2 and CXCR3 (CD11c- AS-DC only), the dy-

namics correlating with the systemic AEs.
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parameters linked to high NT titers, but not to systemic symptom

scores, were combined (Figures 6A and S7A). The combined Z

scores showed a stronger correlation with NT titers than individ-

ual parameters (Figures 6B and S7B; r = �0.31 to �0.29 versus

r = �0.27 to �0.22 in Figures 2C–2F) but not with systemic-

symptom scores (Figures 6B and S7B). The matched groups

with 4 or 3 selected parameters had significantly higher NT titers

by 1.5-fold compared with those of the unmatched groups, while

the systemic-symptom scores remained equivalent (Figures 6C

and S7C). There was no significant difference in gender distribu-

tion between the matched and unmatched groups by 4 parame-

ters (matched group: male, n = 6; female, n = 16, and unmatched

group: male, n = 8; female, n = 16, p = 0.7539, Fisher’s exact test)

and by 3 parameters (matched group:male, n = 6; female, n = 18,

and unmatched group: male, n = 8; female, n = 16, p = 0.7516,

Fisher’s exact test).

The mechanistic basis behind the cell correlates for NT titers

was evaluated by a similar approach with Figure 5. Higher

amounts of IFN-g and IFN-g-inducible chemokines were de-

tected in the matched group following the secondary vaccina-

tion (Figure 6D). CD69 expression in NK subsets as well as

NKT-like cells was highly elevated in the matched group (Fig-

ure 6E), again suggesting the contribution of these cell subsets

on the IFN-g provision. NKT-like cells downregulated CXCR3

expression as indicative of the activation status, and non-clas-

sical monocytes upregulated the expression in the matched

group (Figure 6F). In stark contrast to DC subsets with consti-

tutive CCR2 expression, NK subsets and non-classical mono-

cytes upregulated CCR2 expression in the matched group af-

ter the secondary vaccination (Figure 6G), although the

increased level failed to generate a statistical difference in

non-classical monocytes. Thus, these subsets correlating

with NT titers likely acquire the chemotactic ability to IFN-

g-inducible chemokines upon vaccination, a feature distinct

from the AE-related subsets that constitutively expressed

CCR2 in pre-vaccination status.
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DISCUSSION

By profiling 18 immune cell dynamics at day 1 post-vaccination,

we identified six cellular dynamics that correlatedwith the severity

of AEs aswell as the amounts ofNT antibodies at later timepoints.

These include the innate immune cell dynamics that have been

identified as the correlates of vaccine-induced Ab responses via

the systems vaccinology approach.2,3,6 Our study identified the

NKT-like cell dynamics in peripheral blood as an early correlate

of high antibody titers and severity of systemic symptoms.

Furthermore, more profound reductions in the numbers of DC

subsets were identified as specific correlates for AEs and those

in NK/monocyte subsets as correlates for NT titers. Importantly,

based on the cellular parameters, we were able to classify the

vaccinees who suffered from more severe AEs or those who

mounted more NT titers after the secondary vaccination.

The exact mechanism behind the decreasing numbers of indi-

cated cell subsets in the peripheral blood remains to be deter-

mined, but the available evidence suggest the following model

(Figure 7). The prompt IFN-g production and subsequent activa-

tion of IFN-g-inducible chemotaxis are common triggers for the

observed cell correlates for NT titers or systemic AEs. Vaccine-

induced activation of NKT-like cells and NK subsets may

contribute to IFN-g production, as is supported by the activated

phenotypes of these cell subsets. The vaccine-induced CCR2 or

CXCR3 upregulation on NK/monocyte subsets enhances their

chemotactic ability and helps to migrate from the peripheral

blood to inflammatory sites upon MCP-1/IP-10/MIG guidance.

In contrast, the DC subsets related to severe AEs constitutively

express the CCR2 and CXCR3 receptors and migrate to the in-

flammatory sites in accordance with the MCP-1/IP-10/MIG

chemotaxis. Thus, the cellular dynamics behind high NT titers

or severe AEs following the second dose of mRNA vaccine share

IFN-g and the inducible chemokines as the initial trigger but are

distinct not only in the involved cell types but also in the regula-

tion of chemokine receptor expression.
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Supporting our model, intramuscular vaccination induces

local inflammation at the injection site and recruits multiple

cell subsets, including NK cells, monocytes, and DCs, into

the tissue or draining lymph nodes via the chemokine, its recep-

tor axis,30,31 resulting in a corresponding decrease in their

abundance within the circulation in response to the secondary

vaccination. Furthermore, NK cells are shown to be recruited

into lymph nodes following vaccination and are suggested to

contribute to efficient T/B cell responses via the upregulated

IFN-g or IL-6.32–34

Considering that DC3s and CD11c� AS-DCs are both recently

classified subsets via high-resolution single-cell analysis,35–41

their biological functions remain largely unknown. DC3s are

considered a distinct subset that is specialized to produce pro-

inflammatory cytokines (TNF, IL-1b, IL-6, IL-12, IL-23, etc.).35

Some of these cytokines possess pyrogenic effects and differen-

tiate antigen-stimulated T cells into Th1 or Th17 subsets to

accelerate inflammation,42–45 possibly contributing to the exac-

erbation of AEs. Meanwhile, functional analysis remains limited

for CD11c- AS-DCs, and it is not yet clear how this DC subset

links with AEs.

IFN-g production was highly elevated after the secondary

vaccination and was identified as the key response that governs

both NT antibody responses and systemic AEs in this study.

Lower IFN-g production after the primary vaccination indicates

the contribution of immunological memory, including innate

and adaptive immune memory, that probably enhances NT anti-

bodies as well as systemic AEs via IFN-g and other regulatory

molecules. In this context, more severe AEs in vaccinees with

previous infection histories are noteworthy.13,46 The data sug-

gest that such memory responses can be primed by SARS-

CoV-2 antigens without the formulation of mRNA vaccines.

Moreover, the memory responses are unlikely to wane in a short

period of time because symptom enhancement is observed in in-

dividuals who have experienced a previous infection greater than

6 months prior.13 Identification of the memory response behind

IFN-g production, NT antibody titers, and systemic AEs may

be important for a comprehensive understanding of vaccine-

induced immunity and for developing vaccine strategies that

can balance the immunogenicity and reactogenicity of SARS-

CoV-2 mRNA vaccines.

Limitations of the study
Certain limitations are noted in this study. First, no analysis

beyond day 1 post-vaccination was performed to track

extended immune cell dynamics. Moreover, our analysis was

limited to peripheral blood cells and did not include cells within

the local injection sites where the immune responses for eliciting

NT antibodies and AEs take place. Further investigation is war-

ranted to dissect the biological mechanisms of the correlations,

especially related to AEs.
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Human Soluble Protein Master Buffer Kit BD Biosciences 558265

Human Enhanced Sensitivity Master Buffer Kit BD Biosciences 562248

Experimental models: Cell lines

VeroE6/TMPRSS2 cells JCRB Cell Bank JCRB1819

Software and algorithms
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FlowJo v10.8.0 BD Biosciences http://www.flowjo.com/

GraphPad Prism version 9 GraphPad Software, Inc. https://www.graphpad.com/

scientific-software/prism/

Python -Version 3.7.3 Python Software Foundation. https://www.python.org/

UMAP (Python) - Version 0.5.2 Mclnnes et al., 2018 https://umap-learn.readthedocs.io/

en/latest/

Other

BD Vacutainer� CPTTM Tube BD Biosciences 362761

iMark microplate reader Bio-Rad 168-1130J1

Eposh2 Biotek EPOCH2NS

GroMax Navigator Microplate Luminometer Promega GM2000

Cobas e 411 plus Roche Diagnostics N/A
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Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Yoshimasa

Takahashi (ytakahas@niid.go.jp).

Materials availability
This study did not generate new or unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report the original code. Any

additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Healthcare workerswithout a prior history of SARS-CoV-2 infection at Tokyo-ShinagawaHospital were enrolled. All participants were

examined anti-nucleocapsid antibody titers at pre-vaccination (day 0) and post-vaccination (days 47-51) and excluded the samples

from further analysis if they showed >0.1 antibody titer, which is lower than 1.0 cut-off recommended by manufacturer (Roche kit

Elecsys�Anti-SARS-CoV-2 RUO) and even lower than the cut-off (0.128) described in previous report.47 All volunteers providedwrit-

ten informed consent prior to enrollment. The participants received two doses of the Pfizer/BioNTech BNT162b2 vaccine. Secondary

vaccination was conducted on day 21 after primary vaccination. Blood samples were collected at five time points for longitudinal

analyses: day 0 (the day of first vaccination), day 1, day 21 (the day of secondary vaccination), day 22, and day 47–51. The following
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information was collected for each participant: gender, age, BMI, pre-existing medical conditions (hypertension, diabetes mellitus,

and dyslipidemia), and history of PCR-confirmed SARS-CoV-2 infection. All studies were approved by the Institutional Review Board

of the National Institute of Infectious Diseases and Tokyo Shinagawa Hospital (Permit numbers: 1292 and 20-A-33). This study was

performed in accordance with the principles of the Declaration of Helsinki.

METHOD DETAILS

Sample processing and cell isolation
Blood samples were collected in Vacutainer CPT tubes (BD Biosciences), and peripheral blood mononuclear cells (PBMCs) and

plasma samples were isolated via centrifugation at 1800 3 g for 20 min. PBMCs and plasma samples were separated by centrifu-

gation at 300 3 g for 15 min. Plasma samples were isolated via additional centrifugation at 800 3 g for 15 min and stored at �80�C
until further analysis. For ELISA and pseudotyped virus-neutralizing assays, plasma samples were used after heat-inactivation at

56�C for 30 min. For cytokine/chemokine quantification, plasma samples were used immediately after thawing at room temperature.

PBMCswere centrifuged at 3003 g for 10 min and washed twice with phosphate-buffered saline (PBS; FUJIFILMWako Chemicals).

PBMCs were used immediately after isolation for analysis of MDSCs (e-MDSCs, M-MDSCs, and PMN-MDSCs), or cryopreserved at

�135�C using CELLBANKER 1 plus (ZENOGEN PHARMA) for additional analysis.

Adverse events questionnaire
All participants completed two questionnaires on vaccine-related adverse events (AEs) that occurred during days 1–7 (primary vacci-

nation-related AEs) and days 22–29 (secondary vaccination-related AEs). Questionnaires enquired about the presence of three local

symptoms (pain, redness, and swelling) and eight systemic symptoms (fever, fatigue, headache, chills, vomiting, diarrhea, muscle

pain, and joint pain), and the symptom severities were evaluated on five grades (grade 0–4, see Table S1). The criteria used for

the clinical trial of the BNT162b2 mRNA vaccine were applied.1 Local 3 symptom severity scores and systemic 8 symptom severity

scores were summed for the total local symptom severity grades and total systemic symptom severity grades, respectively.

ELISA
The recombinant RBD protein of SARS-CoV-2 isolate (GenBank: MN994467) was produced previously described.7 Briefly, the hu-

man codon-optimized nucleotide sequence encoding the RBD (amino acids: 331-529) with the signal peptide (amino: acids: 1-20;

MIHSVFLLMFLLTPTESYVD) with a C-terminal histidine tag was cloned into the mammalian expression vector pCAGGS. The cloned

expression vector was transfected into Expi293F cells according to themanufacturer’s instructions (Thermo Fisher Scientific) and the

RBD protein was purified using Ni-NTA agarose (QIAGEN) from the culture supernatant of the transfected cells harvested for 5 days.

A recombinant reference monoclonal antibody (CR3022) was produced as previously described.48,49 Briefly, the VH and VL genes

of CR3022 were cloned into expression vectors with human IgG1 heavy chain and kappa light chain, respectively. The prepared

expression vectors were transfected into Expi293F and the recombinant monoclonal antibody was purified from the culture super-

natant using a protein G column (Thermo Fisher Scientific).

RBD protein was coated at 2 mg/mL in F96 Maxisorp Nunc-Immuno plates (Thermo Fisher Scientific) overnight at 4�C. The plates

were washed with PBS, and then blocked with 1% bovine serum albumin (BSA) in PBS for 1.5 h at room temperature. Heat-inacti-

vated plasma samples and monoclonal antibodies were diluted in PBS containing 1% BSA and 0.1% Tween 20 (eight 4-fold serial

dilutions, starting at 1:20 dilution for plasma; starting at 1 mg/mL for monoclonal antibody), then incubated overnight at 4�C. The
following day, after washing the plates with PBS containing 0.05% Tween 20, HRP-conjugated goat anti-human IgG (Southern

Biotech) in Can Get Signal Immunoreaction Enhancer Solution 2 (TOYOBO) was incubated for 1.5 h at room temperature. After

washing the plates with PBS containing 0.05% Tween 20 and PBS, OPD substrate (Sigma) was added and OD490 was measured

using an Epoch2 microplate reader (Biotek) and iMark microplate reader (Bio-Rad). IgG titers were quantified using CR3022 as a

reference antibody in each plate. Threshold of RBD IgG titers for seropositive was determined in a previous publication (Moriyama

et al., 2021) and shown as dotted lines in Figure 1B.

RBD IgG titers of COVID-19 convalescent patients were partially referred from data used in Figure 1C of a previous publication.7

The criteria for data selection were (1) time points 23–64 days after symptom onset, and (2) severe symptom severity defined by the

WHO.

Pseudotyped virus neutralization assay
SARS-CoV-2 pseudotyped virus was generated as described previously.50 Briefly, the pCAGGS expression vector was generated

with commercially synthesized cDNA of the SARS-CoV-2 spike protein (Integrated DNA Technologies Inc.) and the plasmid

(pCAG-SARS-CoV-2) containing a 19 aa truncation at the C-terminus of the spike protein was constructed. The expression vector

was transfected into 293T cells on collagen-coated tissue culture plates. After incubating for 24 h, the cells were infected with

G-complemented VSVDG/Luc51 at a multiplicity of infection of 0.5. After 24 h of incubation, VSV pseudotyped virus were collected

from the centrifuged culture supernatants and stored at �80�C.
Pseudotyped virus neutralization assay was performed as previously described.7 Briefly, VeroE6/TMPRSS2 were maintained in

DMEM (Fujifilm Wako Pure Chemical) containing 10% heat-inactivated fetal bovine serum (Biowest), 1 mg/mL geneticin (Thermo
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Fisher Scientific), and 100 U/mL penicillin/streptomycin (Thermo Fisher Scientific). SARS-CoV-2 pseudotyped virus was incubated

with heat-inactivated plasma sample (five 5-fold serial dilutions starting at 1:10 dilution) for 1 h at 37�C. After the incubation, the

mixture was inoculated into VeroE6/TMPRSS2 cells seeded in 96-well solid white flat-bottom plates (Corning), and then incubated

for 24 h at 37�C with 5% CO2. Luciferase activity in cultured cells was measured using the Bright-Glo Luciferase Assay System

(Promega) with a GroMax Navigator Microplate Luminometer (Promega). Half-maximal inhibitory concentration (IC50) was calculated

as neutralization titers. NT titers under the detection limit (IC50 = 20) were set to 20 and detection limit was indicated as dotted line in

Figure 1C.

NT titers of COVID-19 convalescent patients were partially referred from data used in Figure 1D of a previous publication.7 The

criteria of data selection were the same as described in ELISA section.

Flow cytometry
For MDSC analysis, after blocking non-specific antibody binding using Human TruStain FcX (1:200, BioLegend) for 5 min at

room temperature, cells were stained for 2 h at 4�C with the following antibodies: CD45-APC-Alexa Fluor 700 (HI30, 1:300;

BioLegend), CD3-BV605 (SK7, 1:300, BD Biosciences), CD19-BV605 (HIB19, 1:300, BioLegend), CD56-BV605 (5.1H11, 1:300

BioLegend), HLA-DR-PE-Cy7 (G46-6, 1:300, BD Biosciences), CD11b-FITC (ICRF44, 1:300 BioLegend), CD33-PE (P67.6,

1:300 BioLegend), CD14-BV421 (M5E2, 1:300, BD Biosciences), and CD15-APC (W6D3, 1:300 BioLegend). To analyze the 15

immune cell types of interest, cryopreserved PBMCs were thawed at 37�C and washed twice with RPMI 1640 (FUJIFILM

Wako Pure Chemical Corporation) containing 10% heat-inactivated fetal bovine serum (Nichirei Biosciences), 2 mM glutamine

(FUJIFILM Wako Pure Chemical Corporation), 100 U/mL penicillin (FUJIFILM Wako Pure Chemical Corporation), and 100 mg/mL

streptomycin (FUJIFILM Wako Pure Chemical Corporation) before use. After blocking non-specific antibody binding as

described above, cells were stained for 2 h at 4�C with the following antibodies: CD45-Brilliant Violet 570 (HI30, 1:150,

BioLegend), CD3-BUV661 (HIT3a, 1:300, BD Biosciences), CD4-PE-Cy5 (RPA-T4, 1:100, BD Biosciences), CD8-BB660 (RPA-

T8, 1:300, BD Biosciences), CD8-BV786 (RPA-T8, 1:300, BD Biosciences), CD19-BUV563 (SJ25C1, 1:300, BD Biosciences),

CD56-BB515 (B159, 1:300, BD Biosciences), HLA-DR-APC-H7 (G46-6, 1:300, BD Biosciences), CD14-BV421 (M5E2, 1:300,

BD Biosciences), CD16-BUV395 (3G8, 1:300, BD Biosciences), CD11c-APC-R700 (BU15, 1:300, BD Biosciences), CD88-PE-

Cyanine7 (S5/1, 1:300 BioLegend), CD1c-BUV737 (F10/21A3, 1:300, BD Biosciences), CD123-BUV496 (6H6, 1:300, BD Biosci-

ences), CD141-BV605 (1A4, 1:300, BD Biosciences), CD5-BV480 (UCHT2, 1:300, BD Biosciences), CD163-PE-CF594 (GHI/61,

1:300, BD Biosciences), CD163-BV786 (GHI/61, 1:300, BD Biosciences), Siglec-6-BV650 (767329, 1:300, BD Biosciences), Axl-

BUV615 (108724, 1:300, BD Biosciences). To examine the expression of CCR2, CXCR3, CD86, and CD69, and the binding of

Annexin V, cells were stained with the following antibodies: CD45-BUV805 (HI30, 1:150, BD Biosciences), CD3-BUV661 (HIT3a,

1:300, BD Biosciences), CD19-BUV563 (SJ25C1, 1:300, BD Biosciences), CD56-BB515 (B159, 1:300, BD Biosciences), HLA-

DR-APC-H7 (G46-6, 1:300, BD Biosciences), CD14-BV421 (M5E2, 1:300, BD Biosciences), CD16-BUV395 (3G8, 1:300, BD Bio-

sciences), CD11c-APC-R700 (BU15, 1:300, BD Biosciences), CD88-PE-Cyanine7 (S5/1, 1:300 BioLegend), CD1c-BUV737 (F10/

21A3, 1:300, BD Biosciences), CD123-BUV496 (6H6, 1:300, BD Biosciences), CD141-BV605 (1A4, 1:300, BD Biosciences),

CD5-BV480 (UCHT2, 1:300, BD Biosciences), CD163-PE-CF594 (GHI/61, 1:300, BD Biosciences), Siglec-6-BV650 (767329,

1:300, BD Biosciences), Axl-BUV615 (108724, 1:300, BD Biosciences), CCR2-Brilliant Violet 785 (K036C2, 1:300, BioLegend),

CXCR3-PE/Cyanine5 (G025H7, 1:300, BioLegend), CD86-PE (IT.2, 1:50, BD Biosciences), CD69-BV711 (FN50, 1:300, BD Bio-

sciences), Annexin V-Alexa647 (1:50, Thermo Fisher Scientific) Brilliant Violet 785 Mouse IgG2a, k Iso-type control (MOPC-173,

1:300, BioLegend), PE/Cyanine5 Mouse IgG1, k Iso-type control (MOPC-21, 1:300, BioLegend). Subsequently, the cells were

washed twice and resuspended in PBS containing 0.5% BSA, 5 mM EDTA (Thermo Fisher Scientific), and 0.25 mg/mL 7-AAD

(Sigma) to detect dead cells.

MDSCs were analyzed using a FACSCanto II (BD Biosciences) or FACSAria III cytometer (BD Biosciences) and FACSDiva v.9.0

software (BD Biosciences), and 15 immune cells other than MDSCs were analyzed using a FACSymphony S6 cytometer (BD Biosci-

ences) and FACSDiva v.9.1.2 software (BD Biosciences). Expression of CCR2, CXCR3, CD86, and CD69, and binding of Annexin V

were analyzed using a FACSymphony A3 cytometer (BD Biosciences) and FACSDiva v.9.1 software (BD Biosciences).

FCS files were analyzed using FlowJo software (v.10.8.0, BD Biosciences). Gating strategies for identifying immune cells are

shown in Figure S1. The frequency of each immune cell population was calculated as a proportion of CD45+ 7-AAD- cells (live

CD45+ cells). Geometric mean fluorescence intensity (GMFI) was calculated using FlowJo software. The frequency of apoptotic cells

(Annexin V+) in each cell typewas calculated as a proportion to each cell. Immune cell dynamics were expressed as the fold increases

or decreases frompre- (day 0 or day 21) to post-vaccination (day 1 or day 22). Z-scores were generated to validate AE-related cellular

parameters by log-2 transforming each immune cell post/pre ratio, which were normalized to have a mean of 0 and a variance of 1.

Composite scores were then calculated by directly summing these normalized values. All other parameters were analyzed without

additional data transformation.

High-dimensional analysis was performed using the scikit-learn python library. Frequency data of 18 immune cell types at four time

points (day 0, 1, 21, and 22) were standardized by removing the mean and scaling to unit variance, and dimensionality reduction to a

two-dimensional space was performed using UMAP (Figures 1J and S3).

In cases that the cell post/pre ratios inversely correlated with AEs or NT antibody responses, the cell post/pre ratios below the me-

dian of the cohort were identified as "positive’’, and vice versa for "negative’’. In Figures 5 and 6, and Figure S6, participants whose
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cellular parameters were all "positive’’ (all parameters were below the median of the cohort) were defined as the matched group, and

vice versa.

Cytokine/chemokine quantification
The plasma levels of 18 cytokines/chemokines were quantified using a cytometric bead array kit (BD Biosciences) according to the

manufacturer’s instructions. Plasma samples were diluted 3–4 fold for analysis. Data were acquired using a FACSCanto II cytometer

(BD Biosciences) and analyzed using FCAP Array Software Version 3.0 (BD Biosciences). For plasma cytokine/chemokine levels

below the detection limit (40 pg/mL for standard CBA kit, and 0.822 pg/mL for enhanced sensitivity CBA kit), the value was set to

40 pg/mL or 0.822 pg/mL.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses and visual representation were performed using Prism 9 (GraphPad). Age, BMI, RBD IgG, pseudotyped virus NT

titer, local or systemic symptom severity scores, cytokine/chemokine post/pre ratios, cytokine/chemokine concentration and

expression of cell surface molecules were compared using the Mann-Whitney test (Figures 1A, 5C–5H, 6C–6H, S6C and S7C) or

Kruskal-Wallis test followed by Dunn’s post hoc test (Figures 1B–1D, 3B–3E and 3G–3J).

Longitudinal analysis of local and systemic symptom scores (Figure 1E), immune cell frequencies (Figure S2) and plasma cytokine/

chemokine concentrations (Figure S4A) were performed using the Wilcoxon test. Fisher exact test was performed to examine the

statistical difference in the incidence of symptoms between primary and secondary vaccinations (Figures 1F and 1G) and gender

distributions in Ab response 3 or 4-prameter matched and unmatched group, and AE 2 or 3-parameter matched group (described

in the Results section).

Spearman correlation analysis was performed between primary and secondary symptom severity scores (Figures 1H and 1I), cell

post/pre ratios, antibody responses, symptom severity scores, plasma cytokine/chemokine post/pre ratios, and Z-scores combining

cell post/pre ratio (Figures 2, 3A, 3F, 3K, 4, 5B, 6B, S4B, S5, S6B and S7B). Correlations were considered significant at p < 0.05.

Benjamini-Hochberg correction was performed in correlation analysis to adjust false discovery rate (FDR).

In all statistical analyses, significance was considered as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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