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Humoral and cellular immune
responses following Omicron BA.2.2 breakthrough
infection and Omicron BA.5 reinfection

Xin-Jing Zhao,1,2,6 Bin Ji,3,6 Chao Shang,4,6 De-Yu Li,2,6 Sheng Zhang,2 Hong-Jing Gu,2 Hong-Hong Peng,3

Cheng Qian,5 Cui-Ling Zhang,4 Chao Shi,3 Yuan Shen,3 Jin-Jin Chen,2 Qiang Xu,2 Chen-Long Lv,2

Bao-Gui Jiang,2 Hui Wang,2,* Xiao Li,4,* Guo-Lin Wang,2,7,* and Li-Qun Fang1,2,*
SUMMARY

The emergence of novel Omicron subvariants has raised concerns regarding the efficacy of immunity
induced by prior Omicron subvariants breakthrough infection (BTI) or reinfection against current circu-
lating Omicron subvariants. Here, we prospectively investigated the durability of antibody and T cell re-
sponses in individuals post Omicron BA.2.2 BTI, with or without subsequent Omicron BA.5 reinfection.
Our findings reveal that the emerging Omicron subvariants, including CH.1.1, XBB, and JN.1, exhibit
extensive immune evasion induced by previous infections. Notably, the level of IgG and neutralizing
antibodies were found to correlate with subsequent Omicron BA.5 reinfection. Fortunately, T cell re-
sponses recognizing both Omicron BA.2 and CH.1.1 peptides were observed. Furthermore, Omicron
BA.5 reinfection may alleviate immune imprinting induced by WT-vaccination, bolster virus-specific ICS+

T cell responses, and promote the phenotypic differentiation of virus-specific memory CD8+ T cells. Anti-
gen-updated or T cell-conserved vaccines are needed to control the transmission of diverse emerging
SARS-CoV-2 variants.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes a continuous burden of morbidity and mortality. While immunity eli-

cited by wild-type (WT) vaccination or prior Omicron infection remains pivotal in mitigating severe disease, it exhibits diminished or absent

neutralizing antibody (NAb) activity against the emerging Omicron subvariants, particularly BQ.1.1, BA.2.75.2, CH.1.1, XBB, and BA.2.86 sub-

varaints.1–6 Therefore, whether the patients with the previous Omicron subvariant infection still maintain humoral and cellular immunity to

prevent themselves from reinfection or severe disease from newly emerging Omicron subvariants is of paramount concern.

Previous studies have reported that breakthrough infection (BTI) caused by Omicron BA.1, BA.2, or BA.5 can induce broadly neutralizing

antibodies against previous variant of concerns (VOCs) and BA.2-derived Omicron subvariants. However, they show diminished NAb titers

against BQ.1.1, BA.2.75.2, CH.1.1, XBB, and BA.2.86 subvariants during the early convalescent stage.7–21 Yet, only limited studies focused

on the durability of immunity beyond 6 months post Omicron subvariants BTI,22,23 with a notable decline of antibody response against

emergingOmicron subvariants. Moreover, serum antibodies have been demonstrated to confer protection against infection by reducing viral

load and hastening viral clearance.24–26 Therefore, given the declining NAb titers, individuals with previous Omicron subvariants infection are

at a high risk of reinfection.

Considering the significant decline in antibody responses post infection or vaccination, a thorough investigation into the persistence of

memory T cell immune responses is imperative. Previous studies have shown the pivotal role of SARS-CoV-2 specific T cell responses in virus

control at very early stage, correlating inversely with upper airway viral load during acute infection pre-seroconversion.27–29 Moreover, evi-

dences have suggested that the majority of T cell responses induced by vaccination or infection exhibit cross-recognize reactivity against

various SARS-CoV-2 variants, including both WT and Omicron strains.18,20,30,31 Regarding the potential future reinfection with diverse
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Omicron subvariants, it is urgent to study whether the T cell response elicited by early Omicron BA.2 BTI can effectively cross-recognize

emerging Omicron subvariants, and whether the reinfection with Omicron subvariant can enhance T cell responses.

Overall, comprehensive investigations into the immunological characteristics of COVID-19 patients affected by Omicron subvariants BTI

and subsequent reinfections remain scarce.32,33 Hence, we conducted a longitudinal study involving 42 COVID-19 patients at both 4- and

8-month post Omicron BA.2.2 BTI. In our previous study, partial results regarding antibody responses against several SARS-CoV-2 variants

were reported.34 Herein, we systematically tested serum IgG and NAb antibody responses against various emerging Omicron subvariants

and clarified the cross-reactivity of activation of T cell responses against different Omicron peptide pools. These findings furnish critical in-

sights into the persistence of immunity following Omicron BTI and the potential cross-reactivity of previous Omicron infection against

emerging Omicron subvariants.
RESULTS

Study participants and clinical characteristics

A cohort of 42 vaccinated participants with confirmed Omicron BA.2.2 infections was enrolled to investigate humoral immunity persistence

and T cells cross-reactivity in Jiangyin city, Jiangsu Province of China between September 19 and November 08, 2022 (Table 1; Figure 1). The

median age of our participants was 49.0 (IQR, 41.0–53.0); 23 (54.8%) subjects were male and 19 (45.2%) subjects were female. Thirty-one

(73.8%) subjects received three doses of CoronaVac/BBIBP-CorV vaccines while 11 (26.2%) subjects received two doses of CoronaVac/

BBIBP-CorV vaccines. All individuals diagnosed with COVID-19 infection either had confirmed BA.2.2 infection through sequencing or

were linked to Omicron BA.2.2 sequence-confirmed cases based on the epidemiological investigation. Between January 06 and February

01, 2023, a total of 26 subjects were followed-up for data and sample collection. Two followed-up visits were conducted for these participants

at median intervals of 138.5 days (IQR, 137.0–139.3) and 249.0 days (IQR, 247.8–255.0) after the onset of Omicron BA.2.2 BTI. Serum samples

and peripheral bloodmononuclear cells (PBMCs) were collected from the participants during each visit. At 8-month post Omicron BA.2.2 BTI,

fourteen participants experienced reinfection with Omicron BA.5 were visited between December 2022 and January 2023, whose infection

was confirmed by self-antigen test twice a week and timely surveillance data of circulating SARS-CoV-2 variants (Figure S1). The detailed in-

formation about sex, age, vaccination background, and infection status of each participant can be found in Table S1. Additionally, ten vacci-

nated subjects without infection were enrolled as healthy controls (Table 1).

Based on the visited time points and infection status, we categorized the participants into the following groups: vaccinated healthy control

(VacHC) group (1.5 months after vaccination with 2/3-dose inactivated vaccines), BTI T1 group (4-month after Omicron BA.2.2 BTI, n = 42), BTI

T1 (A) group (4-month after Omicron BA.2.2 BTI without subsequently Omicron BA.5 reinfection, n = 12), BTI T1 (B) group (4-month after Om-

icron BA.2.2 BTI with subsequently Omicron BA.5 reinfection, n = 14), BTI T2 (A) group (8-month after Omicron BA.2.2 BTI without Omicron

BA.5 reinfection, n = 12), BTI plus RI T2 (B) group (8-month after Omicron BA.2.2 BTI with Omicron BA.5 reinfection, n = 14) (Figure 1).
Omicron subvariants BTI and reinfection can induce robust Omicron BA.2- and BA.5-specific binding IgG antibodies

We firstly investigated the levels of binding IgG antibodies among the participants. The data revealed that 95.2% and 85.7% of individuals in

BTI T1 group haddetectable spike-specific binding IgGantibodies againstOmicronBA.2 andBA.5, respectively (Figure 2A). At 8months after

Omicron BA.2.2 BTI, 100% and 58.3% subjects in BTI T2 (A) group had detectable Omicron BA.2- and BA.5-specific binding IgG antibodies,

while all subjects in BTI plus RI T2 (B) group had detectable binding IgG antibodies against both Omicron BA.2 and BA.5 (Figure 2A). Further-

more, the level of spike-specific IgG antibodies against Omicron BA.5 was significantly lower than that against Omicron BA.2 in different

groups, indicating reduced cross-reactivity between different Omicron subvariants (Figure 2A). When comparing the binding IgG antibodies

between groups of VacHC, BTI T1 (A), BTI T2 (A), BTI T1 (B), and BTI plus RI T2 (B), we found that subjects withOmicron BA.2.2 BTI and/or BA.5

reinfection had higher levels of binding IgG antibodies than those in VacHC group, even 8 months after Omicron BA.2.2 infection in BTI T2

(A) group (Figure 2B). Further comparison at different visited time points showed that subjects in BTI T2 (A) group had significantly lower IgG

antibodies than that in BTI T1 (A) group, while BTI plus RI T2 (B) group had significantly higher IgG antibodies than that in BTI T1 (B) group,

suggesting that Omicron BA.5 reinfection can elevate binding IgG antibody titers (Figure 2B). In addition, subjects in BTI T1 (B) group had

significantly lower binding IgG antibody titers against both Omicron BA.2 and BA.5 than that in BTI T1 (A) group, revealing that the level of

binding IgG antibodies was correlated with the subsequent Omicron BA.5 reinfection (Figure 2B).
Omicron BA.5 reinfection can enhance the neutralizing ability against emerging Omicron subvariants

We then assessed the neutralizing ability of serum among participants by pseudovirus neutralization test (pVNT) using various SARS-CoV-2

variants spike plasmids with specific mutations (Figure S2). We firstly compared the NAb titers against the D614G and various Omicron sub-

variants at the same followed-up time points (Figure 3A). Overall, compared with the D614G, the serum NAb titers were comparable against

Omicron BA.2, and slightly decreased against Omicron BA.5 and BF.7, while the NAb titers against Omicron BQ.1.1, BA.2.75.2, CH.1.1,

XBB.1.5, XBB.1.16, EG.5.1, and JN.1 subvariants were significantly reduced. In detail, the NAb titers against Omicron BA.2, BA.5, and BF.7

that were 2.0–5.8 times lower than those against D614G, while the NAb titers against other seven Omicron subvariants that were 25.8–

84.5 times lower than those against D614G in BTI T1 group. Over 90% participants in BTI T1 group had detectable antibodies against

D614G, BA.2, BA.5, and BF.7, 40–70% participants had detectable antibodies against BQ.1.1, BA.2.75.2, and XBB.1.16, while only 7–20%

serum from participants could neutralize CH.1.1, XBB.1.5, EG.5.1, and JN.1. In BTI T2 (A) group, the NAb titers against Omicron BA.2,
2 iScience 27, 110283, July 19, 2024



Table 1. Characteristics of study participants

COVID-19 (n = 42) Healthy controls (n = 10)

Age (median, IQR) 49.0 (41.0–53.0) 40.5 (31.8–56.5)

Sex (n, %)

Male 23 (54.8) 5 (50.0)

Female 19 (45.2) 5 (50.0)

Vaccination (n, %)

First dose

CoronaVac 22 (52.4) 6 (60.0)

BBIBP-CorV 20 (47.6) 4 (40.0)

Second dose

CoronaVac 23 (54.8) 10 (100)

BBIBP-CorV 19 (45.2) 0 (0)

Third dose

CoronaVac 11 (26.2) 3 (30.0)

BBIBP-CorV 20 (47.6) 4 (40.0)

unvaccinated 11 (26.2) 3 (30.0)

Clinical symptoms after Omicron BA.2.2 BTI (n, %)

Asymptomatic 20 (47.6) N/A

Symptomatic 22 (52.4) N/A

Fever 16 (72.7) N/A

Cough 9 (40.9) N/A

Sore throat 6 (27.3) N/A

Headache 3 (13.6) N/A

Fatigue 2 (9.1) N/A

Runny nose 1 (4.5) N/A

Muscle pain 1 (4.5) N/A

Diarrhea 1 (4.5) N/A

Clinical symptoms after Omicron BA.5 RI (n, %)

Asymptomatic 10 (71.4) N/A

Symptomatic 4 (28.6) N/A

Runny nose 2 (50.0) N/A

Muscle pain 2 (50.0) N/A

Fever 1 (25.0) N/A

Cough 1 (25.0) N/A

Days between last vaccination and BTI (median, IQR) 139.5 (103.8–146.3) N/A

Sampling time (median, IQR)

Days between BTI/vaccination and 1st visita 138.5 (137.0–139.3) 42.5 (17.3–60.0)

Days between BTI and 2ND visit 249.0 (247.8–255.0) N/A

Days between 1st visit and RI 85.5 (83.0–90.0) N/A

Days between BTI and RI 224.0 (221.5–229.0) N/A

Days between RI and 2ND visit 27.0 (24.5–43.0) N/A

BTI, breakthrough infection. RI, reinfection. N/A, not applicable.
aDays between last vaccination and sampling for healthy controls.
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BA.5, and BF.7 that were 1.6–3.7 times lower than those against D614G, while the NAb titers against other seven Omicron subvariants that

were 21.3–85.0 times lower than those against D614G. All of the participants in BTI T2 (A) group had detectable NAb against D614G, BA.2,

BA.5, and BF.7, while lower prevalence of 75.0%, 41.7%, 16.7%, 8.3%, 0%, 0%, and 0% serum from participants neutralized BQ.1.1, BA.2.75.2,
iScience 27, 110283, July 19, 2024 3
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Figure 1. Study design, participants enrollment, and sampling

Forty-two participants who immunized with two (n= 11) or three (n= 31) inactivated vaccines and then sufferedOmicron BA.2.2 breakthrough infection (BTI) were

enrolled in this study. T1, the first visited time point. T2, the second visited time point. Twelve participants in BTI T2 (A) group and fourteen participants in BTI plus

RI T2 (B) group were investigated at T2, while the remained sixteen participants were lost to follow-up at T2. The ‘‘n’’ in the figure represents number of enrolled

participants.
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CH.1.1, XBB.1.5, XBB.1.16, EG.5.1, and JN.1, respectively. In BTI plus RI T2 (B) group, theNAb titers against Omicron BA.2, BA.5, and BF.7 that

were 0.7–1.2 times lower than those against D614G, while the NAb titers against other six Omicron variants that were 6.1–21.9 times lower

than those against D614G. All the participants had detectable NAb against D614G, BA.2, BA.5, and BF.7, and over 85% participants also had

detectable NAb against other sevenOmicron subvariants in BTI plus RI T2 (B) group. Antigenic analysis showed that the relative distance was

shorter in BTI plus RI T2 group than that in BTI T1 group, revealing that the SARS-CoV-2 reinfection may alleviate theWT-vaccination induced

immune imprinting (Figure S3). Then we compared the NAb titers against the same SARS-CoV-2 strain among five different groups: VacHC,

BTI T1 (A), BTI T2 (A), BTI T1 (B), and BTI plus RI T2 (B) (Figure 3B). We found that the NAb titers against D614G and various Omicron sub-

variants slightly reduced but remained stable in BTI T2 (A) group than those in BTI T1 (A) group except for that against XBB.1.16. Differently,

the NAb titers significantly increased in BTI plus RI T2 (B) group compared to those in BTI T1 (B) group. Importantly, the NAb titers against

Omicron BA.2, BA.5, and BF.7 were significantly lower in BTI T1 (B) group than those in BTI T1 (A) group, revealing that the level of NAb titers

were correlated with subsequently Omicron BA.5 reinfection.

To confirm the results performed by pVNT, we also conducted live virus neutralizing test (LVNT) against SARS-CoV-2 WT strain and Om-

icron BA.2, BA.5, XBB.1.16 subvariants. Similarly, the NAb titers against Omicron BA.2 and BA.5 were comparable or slightly reduced than

those against WT, while the NAb titers against XBB.1.16 were apparently decreased than those against WT (Figure 3C). Also, further com-

parison among different groups showed that the NAb titers decreased in BTI T2 (A) group compared to BTI T1 (A) group and increased

in BTI plus RI T2 (B) group compared to BTI T1 (B) group (Figure 3D). Besides, participants in BTI T1 (B) group had significant lower NAb titers

against Omicron BA.5 than those in BTI T1 (A) group, reconfirming that participants with lower NAb titers were more likely to experience

SARS-CoV-2 reinfection (Figure 3D).

In addition, no significant difference of vaccination rate upon different doses was observed between BTI T1 (A) and BTI T1 (B) group,

revealing that the previous booster vaccination of inactivated WT-vaccines has little effect on the subsequently Omicron BA.5 reinfec-

tion (Table S2). What’s more, further comparison of NAb titers between groups by different vaccination background at T1 showed that

Omicron BA.2.2 BTI can eliminate the effect of 2- or 3-dose CoronaVac/BBIBP-CorV vaccination on antibody responses (Figures S4A

and S4B).

Well cross-recognized T cell responses after Omicron BTI and reinfection for both Omicron BA.2 and CH.1.1

Then virus-specific T cell responses against Omicron BA.2- and CH.1.1-spike mega peptide pools (MPs) among different groups were eval-

uated by activation-induced marker (AIM) assays with cytokine intracellular staining (ICS) assays (Figure S5 and Table S3).

Spike-specific CD4+ and CD8+ T cell responses against Omicron BA.2 and CH.1.1 MPs were measured by AIM OX40+CD137+ (CD4+

T cells) or CD69+CD137+ (CD8+ T cells) (Figures 4A and 4C). For AIM+CD4+ T cells, comparable percentages against Omicron BA.2 and

CH.1.1 MPs were observed in T1 group (0.26% and 0.30%) and T2 group (0.27% and 0.26%), respectively. What’s more, there were no signif-

icant difference of AIM+CD4+ T cell responses between T1 and T2 group (Figure 4B). Similarly, for AIM+CD8+ T cells, the responses against

Omicron BA.2 and CH.1.1 were also comparable in T1 group (0.27% and 0.28%) and T2 group (0.25% and 0.27%), respectively, and the re-

sponses against the same peptide between T1 and T2 group were also comparable (Figure 4D). Further comparison showed that there
4 iScience 27, 110283, July 19, 2024
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Figure 2. Omicron BA.2 and BA.5 spike-specific binding IgG antibody responses of the participants at 4-, and 8-month post Omicron BA.2.2

breakthrough infection (BTI) with or without subsequent Omicron BA.5 reinfection (RI)

(A) Dynamic changes of spike-specific binding IgG antibodies against Omicron BA.2 and BA.5 in BTI T1, BTI T2 (A), BTI plus RI T2 (B) group, respectively.

(B) Comparison of spike-specific binding IgG antibody titers among groups of BTI T1 (A), BTI T2(A), BTI T1 (B), and BTI plus RI T2 (B). Ten vaccinated participants

without infection were selected as healthy controls (VacHC) in (B). Geometric mean and detectable prevalence or geometric mean alone is shown at the top of

each panel. The black dashed line indicates the threshold for initial dilution (1:100). Wilcoxon matched-pairs signed rank test was performed in (A). Wilcoxon

matched-pairs signed rank test and Mann-Whitney test were performed in (B). P values <0.05 was considered statistically significant.
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was no significant difference of AIM+CD4+ or CD8+ T cell responses between groups of BTI T1 (A), BTI T2 (A), BTI T1 (B), and BTI plus RI T2

(B) by different Omicron spike MPs (Figures S6A and S6B).

Then the spike-specific CD4+ or CD8+ T cells secreting TNF-a, IL-2, and IFN-g were measured by ICS assays (Figures 5A and 5C). Regard-

less of different visited time points, the percentage of spike-specific TNF-a+, IL-2+, and IFN-g+ of CD4+ or CD8+ T cells was comparable when

stimulated by Omicron BA.2 or CH.1.1 MPs (Figures 5B and 5D). Considering the reinfection status, at the same time point, we found that the

ICS CD4+ or CD8+ T cell responses detected after restimulation with Omicron BA.2 or CH.1.1 MPs were similar without significant difference

(Figures S7A and S7B). However, the TNF-a+ CD8+ T cell responses detected after restimulation withOmicron BA.2, IL-2+ CD4+ or CD8+ T cell

responses detected after restimulation with both BA.2 and CH.1.1 were significantly higher in BTI plus RI T2 (B) group than that in BTI T2

(A) group (Figures S7A and S7B). We further analyzed the polyfunctional profiles of T cells in participants and demonstrate similar capacities

for cytokines co-expression for both Omicron BA.2 and CH.1.1-specific T cells at T1 or T2, indicating the normal function in cross-reactive

Omicron T cell responses (Figures 5E–5H). Notably, there were also no differences in the polyfunctional profiles between T1 and T2 for either

ICS CD4+ or CD8+ T cells, suggesting that the ICS+ responses maintained stable after Omicron BA.2.2 BTI (Figures 5E–5H). Considering the

reinfection status, no significant differences in the polyfunctional profileswere found amonggroups of BTI T1 (A), BTI T1 (B), BTI T2 (A), and BTI

plus RI T2 (B) for either CD4+ or CD8+ T cells (Figures S7C and S7D).

Omicron BA.5 reinfection can promote the differentiation of virus-specific CD8+ T cells

To explore the differentiation patterns of Omicron BA.2 and CH.1.1 spike-specific memory T cells at different visited time points, surface

markers of CD45RA and CCR7 were selected to subdivide spike-specific memory T cells into central memory T cells (TCM,

CD45RA�CCR7+), naive T cells (Tnaive, CD45RA+CCR7+), effector memory T cells (TEM, CD45RA�CCR7-) and terminally differentiated

effector memory T cells (TEMRA, CD45RA+CCR7-) by detecting expressions on virus-specific IFN-g+ T cells (Figure 6A). The results

showed that Tnaive and TEM were the two main subsets of Omicron BA.2 and CH.1.1 spike-specific CD4+ T cells, and there was no
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Figure 3. Neutralizing antibody titers by pseudovirus neutralization test (pVNT) and live-virus neutralization test (LVNT) against D614G and emerging

Omicron subvariants of the participants at 4-, and 8-month postOmicron BA.2.2 breakthrough infection (BTI) with or without subsequent Omicron BA.5

reinfection (RI)

(A) Dynamic changes of neutralizing antibody titers against D614G andOmicron BA.2, BA.5, BF.7, BQ.1.1, BA.2.75.2, CH.1.1, XBB.1. 5, XBB.1.16, EG.5.1, and JN.1

in BTI T1, BTI T2 (A), BTI plus RI T2 (B) group, respectively.

(B) Comparison of virus-specific neutralizing antibody titers among D614G and various emerging Omicron subvariants among groups of BTI T1 (A), BTI T2(A), BTI

T1 (B), and BTI plus RI T2 (B).

(C) Dynamic changes of neutralizing antibody titers against Wild-type (WT) and Omicron BA.2, BA.5, and XBB.1.16 in BTI T1, BTI T2 (A), BTI plus RI T2 (B) group,

respectively.

(D) Comparison of virus-specific neutralizing antibody titers amongWT and various emergingOmicron subvariants among groups of BTI T1 (A), BTI T2 (A), BTI T1

(B), and BTI plus RI T2 (B).Ten vaccinated participants without infection were selected as healthy controls (VacHC) in (B andD). Values of GMTwith reduction times

compared toD614G, and the prevalence of detectableNAb titers above 30 were shown in the (A). Values of GMTwere shown at the bottom of (B andD). Values of

GMT with reduction times compared to WT, and the prevalence of detectable NAb titers above 10 were shown in the (C). The black dashed line indicates the

threshold for detectable NAb titers (ID50 = 30) in (A and B). The black dashed line indicates the threshold for detectable NAb titers (ID50 = 10) in (C and D). The

spacing of the grid lines in (C) corresponds to the neutralizing antibody titers unit, which was equivalent to the 2-fold change in the neutralizing ID50 titer.

Friedman test was performed in (A and C). Wilcoxon matched-pairs signed rank test and Mann-Whitney test were performed in (B and D). P values <0.05 was

considered statistically significant. The asterisk in (A) indicates the significant difference between D614G and each of the Omicron subvariant. The p value in

(C) represents the difference between WT and each of Omicron subvariant. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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significant difference for subsets by different stimulated MPs or visited time points (Figure 6B). Regarding virus spike-specific CD8+

T cells, the TEMRA was the main subset, and its percentage was significantly reduced at T2 compared to that at T1 for Omicron

BA.2 (Figure 6C).

Considering the reinfection status, we found that the changes of phenotypic differentiation of spike-specificmemoryCD4+ T cells were not

apparently affected by reinfection status (Figures S8A and S8B). For spike-specific memory CD8+ T cells, the Tnaive subset was slightly or

significantly reduced in BTI plus RI T2 (B) group compared to BTI T1 (B) group, while the Tnaive subset was slightly higher in BTI T2

(A) group than that in BTI T1 (A) group (Figures S8C and S8D). Further comparison between group A and B at the same time points showed

that the subjects in BTI plus RI T2 (B) group had higher percentage of TEM and lower percentage of Tnaive than those in BTI T2 (A) group for

virus spike-specific CD8+ T cells (Figures S8E–S8H).
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Figure 4. Omicron BA.2 and CH.1.1-specific AIM+CD4+ or AIM+CD8+ T cell responses in participants at 4- and 8-month post Omicron BA.2.2

breakthrough infection (BTI) with or without Omicron BA.5 reinfection (RI)

The percentage of AIM+ (OX40+CD137+) of CD4+ T cells (A and B) and AIM+ (CD69+CD137+) of CD8+ T cells (C and D) after stimulation of PBMCs with Omicron

BA.2 or CH.1.1 spike-specific MPs. Data showed above (B and D) represent the median of percentage. Graphs show individual response of AIM+ CD4+ or CD8+

T cell responses against Omicron BA.2 or CH.1.1 MPs plotted as background subtracted DMSO negative controls. Boxplots indicate median and interquartile

range (IQR). Wilcoxon matched-pairs signed rank test was performed in (B and D), and p values <0.05 was considered statistically significant.
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Figure 5. Spike-specific ICS+ CD4+ or CD8+ T cell responses against Omicron BA.2 or CH.1.1 in participants at 4- and 8-month post Omicron BA.2.2

breakthrough infection (BTI) with or without Omicron BA.5 reinfection (RI)

The percentage of TNF-a+, IL-2+, and IFN-g+ for CD4+ T cells (A and B) and the percentage of TNF-a+, IL-2+, and IFN-g+ for CD8+ T cells (C and D) after

stimulation of PBMCs with Omicron BA.2 or CH.1.1 spike-specific MPs. Comparison of the polyfunctional profile between Omicron BA.2 and CH.1.1 spike-

specific CD4+ T cells (E and G) or CD8+ T cells (F and H) at 4-month and 8-month. Data showed above (B and D–H) represent median and mean,

respectively. Graphs show individual response of ICS+ CD4+ or CD8+ T cell responses against Omicron BA.2 or CH.1.1 MPs plotted as background

subtracted DMSO negative controls. Boxplots indicate median and interquartile range (IQR). Bars indicate Mean with 95% confidence interval in (E–H). Each

response pattern (i.e., any possible combination of IFN-g, IL-2 or TNF-a expression) is color-coded, and data are summarized in the pie charts in (E–H). No

significant differences were observed between pies using a permutation test for ICS+ CD4+ or ICS+ CD8+ T cell responses. Wilcoxon matched-pairs signed

rank test was performed in (B and D–H), and p values <0.05 was considered statistically significant.
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Omicron BA.5 reinfection can enhance the correlation among parameters of antibody responses

To explore whether correlations exist between antibody and T cell responses, we correlated the measured immune parameters including

binding IgG antibody, pVNT-NAb, LVNT-NAb, and T cell responses among different groups (Figures 7A–7F, Table S4). Overall, the correla-

tion among different parameters was apparently strengthened at T2 compared to T1, especially for the correlation among the parameters

defining antibody responses (Figures 7A and 7B). Considering the reinfection status, strong correlations among antibody parameters

were observed in BTI plus RI T2 (B) group than that in BTI T2 (A) group (Figures 7C–7F). Of note, the correlation between antibodies and

T cells had a high proportion of inverse correlations, regardless of visited time points and reinfection status.

DISCUSSION

In this study, we conducted a longitudinal study to investigate the persistence of humoral and cellular immunity among 42 participants with

two followed-up time points (4- and 8-month) post Omicron BA.2.2 BTI with or without Omicron BA.5 reinfection. We found that the IgG and
0

20

40

60

80

100

0

20

40

60

80

100

%
of

IF
N

-γ
+ C

D
4+ 

 T
 c

el
ls

%
of

IF
N

-γ
+ C

D
8+ 

 T
 c

el
ls

TCM Tnaive TEM TEMRA
T1 T2 T1 T2 T1 T2 T1 T2

TCM Tnaive TEM TEMRA
T1 T2 T1 T2 T1 T2 T1 T2

p=0.0425

12.9 14.3 13.9 14.3 42.4 46.1 32.7 41.8 35.9 29.4 36.1 34.9 2.3 2.9 2.8 4.1

2.6 2.3 3.7 1.0 25.1 29.2 22.3 22.0 9.3 7.6 16.0 14.7 58.6 54.7 49.1 46.7

B

C

BA.2
T1

CH.1.1
T1

BA.2
T2

CH.1.1
T2

BA.2
T1

CH.1.1
T1

BA.2
T2

CH.1.1
T2

BA.2

CD4+ T

T1 T2

CD45RA_PE/Cy7

C
C

R
7_

BV
60

5

CD8+ T

CH.1.1
T1 T2

BA.2
T1 T2

CH.1.1
T1 T2

A

13.86 52.41

29.77 3.96

13.60 55.20

24.00 7.20

18.92 48.65

32.43 0.00

17.65 49.02

25.49 7.84

2.98 29.77

11.81 55.44

5.86 29.66

14.41 50.07

1.84 23.73

11.06 63.36

2.90 32.37

10.45 54.28

TCM
Tnaive
TEM
TEMRA

BA.2
CH.1.1

Figure 6. Memory phenotype differentiation of Omicron BA.2- or CH.1.1-specific memory T cells in participants at 4- and 8-month post Omicron BA.2.2

BTI with or without Omicron BA.5 reinfection

(A) Flow cytometry plots in Omicron BA.2 and CH.1.1 MPs stimulated groups showing spike-specific memory CD4+ and CD8+ T cell phenotypes in ex vivo assay.

Data showed in (A) represents the percentages for different subsets.

Frequency of different spike-specific memory CD4+ T cell (B) and CD8+ T cell (C) phenotypes in Omicron BA.2 and CH.1.1 groups at 4-month and 8-month post

BA.2 BTI. Data showed above (B and C) represent median of percentage. Bars indicate median with 95% confidence interval (CI). Each subset of memory

phenotype differentiation is color-coded, and data are summarized in the pie charts in (B and C). No significant differences were observed between pies

using a permutation test in each panel. Wilcoxon matched-pairs signed rank test was performed in (B and C), and p values <0.05 was considered statistically

significant.

iScience 27, 110283, July 19, 2024 9



*

NAb_LVNT_BA.1
NAb_LVNT_BA.2
NAb_LVNT_BA.5

NAb_LVNT_XBB.1.16
NAb_pVNT_D614G

NAb_pVNT_BA.2
NAb_pVNT_BA.4/5

NAb_pVNT_BF.7
NAb_pVNT_BQ.1.1

NAb_pVNT_BA.2.75.2
NAb_pVNT_CH.1.1

NAb_pVNT_XBB.1.5
NAb_pVNT_XBB.1.16

NAb_pVNT_EG.5.1

BA.2_S_IgG
BA.5_S_IgG

BA.2_CD4_OX40+

CH.1.1_CD4_OX40+

BA.2_CD8_CD69+CD137+

CH.1.1_CD8_CD69+CD137+

BA.2_CD4_S_TNF-α
CH.1.1_CD4_S_TNF-α

BA.2_CD4_S_IL-2
CH.1.1_CD4_S_IL-2
BA.2_CD4_S_IFN-γ

CH.1.1_CD4_S_IFN-γ
BA.2_CD8S_TNF-α

CH.1.1_CD8_S_TNF-α
BA.2_CD8_S_IL-2

CH.1.1_CD8_S_IL-2
BA.2_CD8_S_IFN-γ

CH.1.1_CD8_S_IFN-γ

NAb_pVNT_JN.1

NAb_LVNT_BA.1
NAb_LVNT_BA.2
NAb_LVNT_BA.5

NAb_LVNT_XBB.1.16
NAb_pVNT_D614G

NAb_pVNT_BA.2
NAb_pVNT_BA.4/5

NAb_pVNT_BF.7
NAb_pVNT_BQ.1.1

NAb_pVNT_BA.2.75.2
NAb_pVNT_CH.1.1

NAb_pVNT_XBB.1.5
NAb_pVNT_XBB.1.16

NAb_pVNT_EG.5.1

BA.2_S_IgG
BA.5_S_IgG

BA.2_CD4_OX40+

CH.1.1_CD4_OX40+

BA.2_CD8_CD69+CD137+

CH.1.1_CD8_CD69+CD137+

BA.2_CD4_S_TNF-α
CH.1.1_CD4_S_TNF-α

BA.2_CD4_S_IL-2
CH.1.1_CD4_S_IL-2
BA.2_CD4_S_IFN-γ

CH.1.1_CD4_S_IFN-γ
BA.2_CD8S_TNF-α

CH.1.1_CD8_S_TNF-α
BA.2_CD8_S_IL-2

CH.1.1_CD8_S_IL-2
BA.2_CD8_S_IFN-γ

CH.1.1_CD8_S_IFN-γ

NAb_pVNT_JN.1

NAb_LVNT_BA.1
NAb_LVNT_BA.2
NAb_LVNT_BA.5

NAb_LVNT_XBB.1.16
NAb_pVNT_D614G

NAb_pVNT_BA.2
NAb_pVNT_BA.4/5

NAb_pVNT_BF.7
NAb_pVNT_BQ.1.1

NAb_pVNT_BA.2.75.2
NAb_pVNT_CH.1.1

NAb_pVNT_XBB.1.5
NAb_pVNT_XBB.1.16

NAb_pVNT_EG.5.1

BA.2_S_IgG
BA.5_S_IgG

BA.2_CD4_OX40+

CH.1.1_CD4_OX40+

BA.2_CD8_CD69+CD137+

CH.1.1_CD8_CD69+CD137+

BA.2_CD4_S_TNF-α
CH.1.1_CD4_S_TNF-α

BA.2_CD4_S_IL-2
CH.1.1_CD4_S_IL-2
BA.2_CD4_S_IFN-γ

CH.1.1_CD4_S_IFN-γ
BA.2_CD8S_TNF-α

CH.1.1_CD8_S_TNF-α
BA.2_CD8_S_IL-2

CH.1.1_CD8_S_IL-2
BA.2_CD8_S_IFN-γ

CH.1.1_CD8_S_IFN-γ

NAb_pVNT_JN.1

NAb_LVNT_BA.1
NAb_LVNT_BA.2
NAb_LVNT_BA.5

NAb_LVNT_XBB.1.16
NAb_pVNT_D614G

NAb_pVNT_BA.2
NAb_pVNT_BA.4/5

NAb_pVNT_BF.7
NAb_pVNT_BQ.1.1

NAb_pVNT_BA.2.75.2
NAb_pVNT_CH.1.1

NAb_pVNT_XBB.1.5
NAb_pVNT_XBB.1.16

NAb_pVNT_EG.5.1

BA.2_S_IgG
BA.5_S_IgG

BA.2_CD4_OX40+

CH.1.1_CD4_OX40+

BA.2_CD8_CD69+CD137+

CH.1.1_CD8_CD69+CD137+

BA.2_CD4_S_TNF-α
CH.1.1_CD4_S_TNF-α

BA.2_CD4_S_IL-2
CH.1.1_CD4_S_IL-2
BA.2_CD4_S_IFN-γ

CH.1.1_CD4_S_IFN-γ
BA.2_CD8S_TNF-α

CH.1.1_CD8_S_TNF-α
BA.2_CD8_S_IL-2

CH.1.1_CD8_S_IL-2
BA.2_CD8_S_IFN-γ

CH.1.1_CD8_S_IFN-γ

NAb_pVNT_JN.1

*

E F

C D

A B

**

*

***

*

**

**

*

**

**

*

**

*

*

**

*

**

*

*

*

*

*

*

*

*

*

**

**

**

** **

*

*

*

*

**

*

*

*

*

**

**

*

**

***

NAb_
LV

NT_W
T

NAb_
LV

NT_B
A.1

NAb_
LV

NT_B
A.2

NAb_
LV

NT_B
A.5

NAb_
LV

NT_X
BB.1.

16

NAb_
pV

NT_D
61

4G

NAb_
pV

NT_B
A.2

NAb_
pV

NT_B
A.4/

5

NAb_
pV

NT_B
F.7

NAb_
pV

NT_B
Q.1.

1

NAb_
pV

NT_B
A.2.

75
.2

NAb_
pV

NT_C
H.1.

1

NAb_
pV

NT_X
BB.1.

5

NAb_
pV

NT_X
BB.1.

16

NAb_
pV

NT_E
G.5.

1

BA.2_
S_Ig

G

BA.5_
S_Ig

G
BA.2_

CD4_
OX40

+

CH.1.
1_

CD4_
OX40

+

BA.2-
CD8_

CD69
+ CD13

7+

CH.1.
1-C

D8_
CD69

+ CD13
7+

BA.2_
CD4_

S_T
NF-α

CH.1.
1_

CD4_
S_T

NF-α

BA.2_
CD4_

S_IL
-2

CH.1.
1_

CD4_
S_IL

-2

BA.2_
CD4_

S_IF
N-γ

CH.1.
1_

CD4_
S_IF

N-γ

BA.2_
CD8S

_T
NF-α

CH.1.
1_

CD8_
S_T

NF-α

BA.2_
CD8_

S_IL
-2

CH.1.
1_

CD8_
S_IL

-2

BA.2_
CD8_

S_IF
N-γ

NAb_
pV

NT_J
N.1

***

*

*

*

*

*

*

*

*

*

**

**

BTI T1（B）

*

**

**

*

**

**

*

*

***

**

**

**

**

**

**

*

**

*

***

**

***

***

**

**

*

**

*

*

*

***

*

*

**

*

*

**

**

***

*

***

**

**

*

*

**

*

*

**

*

**

*

*

**

**

**

**

**

*

*

*

*

**

**

*

*

**

**

*

**

**

**

**

**

*

*

*

*

*

**

**

* **

*

*

** *

* *

* *

*

*

*

*

*

*

*

*

*

*

***

***

***

****

****

**

***

****

***

***

***

***

*** ***

***

***

***

****

****

***

***

****

****

***

***

*** ****

***

***

***

NAb_
LV

NT_W
T

NAb_
LV

NT_B
A.1

NAb_
LV

NT_B
A.2

NAb_
LV

NT_B
A.5

NAb_
LV

NT_X
BB.1.

16

NAb_
pV

NT_D
61

4G

NAb_
pV

NT_B
A.2

NAb_
pV

NT_B
A.4/

5

NAb_
pV

NT_B
F.7

NAb_
pV

NT_B
Q.1.

1

NAb_
pV

NT_B
A.2.

75
.2

NAb_
pV

NT_C
H.1.

1

NAb_
pV

NT_X
BB.1.

5

NAb_
pV

NT_X
BB.1.

16

NAb_
pV

NT_E
G.5.

1

BA.2_
S_Ig

G

BA.5_
S_Ig

G
BA.2_

CD4_
OX40

+

CH.1.
1_

CD4_
OX40

+

BA.2-
CD8_

CD69
+ CD13

7+

CH.1.
1-C

D8_
CD69

+ CD13
7+

BA.2_
CD4_

S_T
NF-α

CH.1.
1_

CD4_
S_T

NF-α

BA.2_
CD4_

S_IL
-2

CH.1.
1_

CD4_
S_IL

-2

BA.2_
CD4_

S_IF
N-γ

CH.1.
1_

CD4_
S_IF

N-γ

BA.2_
CD8S

_T
NF-α

CH.1.
1_

CD8_
S_T

NF-α

BA.2_
CD8_

S_IL
-2

CH.1.
1_

CD8_
S_IL

-2

BA.2_
CD8_

S_IF
N-γ

NAb_
pV

NT_J
N.1

***

**

**

***

**

****

****

**

***

**

***

** ***

** ** **

***

BTI plus RI T2（B）

−1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1

***

**

**

**

**

**

**

**

**

**

*

**

*

**

*

*

*** *

**

**

*

* **

**

*

**

**

**

**

*

* *

*

*

* *

*

**

*

*

**

* **

*

*

**

**

****

***

****

****

****

***

****

****

NAb_
LV

NT_W
T

NAb_
LV

NT_B
A.1

NAb_
LV

NT_B
A.2

NAb_
LV

NT_B
A.5

NAb_
LV

NT_X
BB.1.

16

NAb_
pV

NT_D
61

4G

NAb_
pV

NT_B
A.2

NAb_
pV

NT_B
A.4/

5

NAb_
pV

NT_B
F.7

NAb_
pV

NT_B
Q.1.

1

NAb_
pV

NT_B
A.2.

75
.2

NAb_
pV

NT_C
H.1.

1

NAb_
pV

NT_X
BB.1.

5

NAb_
pV

NT_X
BB.1.

16

NAb_
pV

NT_E
G.5.

1

BA.2_
S_Ig

G

BA.5_
S_Ig

G
BA.2_

CD4_
OX40

+

CH.1.
1_

CD4_
OX40

+

BA.2-
CD8_

CD69
+ CD13

7+

CH.1.
1-C

D8_
CD69

+ CD13
7+

BA.2_
CD4_

S_T
NF-α

CH.1.
1_

CD4_
S_T

NF-α

BA.2_
CD4_

S_IL
-2

CH.1.
1_

CD4_
S_IL

-2

BA.2_
CD4_

S_IF
N-γ

CH.1.
1_

CD4_
S_IF

N-γ

BA.2_
CD8S

_T
NF-α

CH.1.
1_

CD8_
S_T

NF-α

BA.2_
CD8_

S_IL
-2

CH.1.
1_

CD8_
S_IL

-2

BA.2_
CD8_

S_IF
N-γ

NAb_
pV

NT_J
N.1

***

***

*

* * **

*** ** **

* **

*

*

* * ****

**

**

T1

***

**

**

**

**

**

*

**

*

**

**

**

*

*

*

**

*

*

**

*

*

**

**

*

**

**

**

**

**

**

*

*

** *

**

*

**

*

*

*

**

*

*

*

*

*

**

**

**

**

*

***

**

**

*

**

*

*

*

*

*

*

*

**

**

**

**

*

*

*

*

*

*

*

*

**

*

**

*

* **

*

*

****

****

***

***

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

***

****

****

****

****

****

****

****

****

****

****

****

****

***

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

****

***

***

****

****

****

****

****

****

****

****

***

****

***

****

****

****

****

****

****

****

****

****

****

****

****

****

***

NAb_
LV

NT_W
T

NAb_
LV

NT_B
A.1

NAb_
LV

NT_B
A.2

NAb_
LV

NT_B
A.5

NAb_
LV

NT_X
BB.1.

16

NAb_
pV

NT_D
61

4G

NAb_
pV

NT_B
A.2

NAb_
pV

NT_B
A.4/

5

NAb_
pV

NT_B
F.7

NAb_
pV

NT_B
Q.1.

1

NAb_
pV

NT_B
A.2.

75
.2

NAb_
pV

NT_C
H.1.

1

NAb_
pV

NT_X
BB.1.

5

NAb_
pV

NT_X
BB.1.

16

NAb_
pV

NT_E
G.5.

1

BA.2_
S_Ig

G

BA.5_
S_Ig

G
BA.2_

CD4_
OX40

+

CH.1.
1_

CD4_
OX40

+

BA.2-
CD8_

CD69
+ CD13

7+

CH.1.
1-C

D8_
CD69

+ CD13
7+

BA.2_
CD4_

S_T
NF-α

CH.1.
1_

CD4_
S_T

NF-α

BA.2_
CD4_

S_IL
-2

CH.1.
1_

CD4_
S_IL

-2

BA.2_
CD4_

S_IF
N-γ

CH.1.
1_

CD4_
S_IF

N-γ

BA.2_
CD8S

_T
NF-α

CH.1.
1_

CD8_
S_T

NF-α

BA.2_
CD8_

S_IL
-2

CH.1.
1_

CD8_
S_IL

-2

BA.2_
CD8_

S_IF
N-γ

NAb_
pV

NT_J
N.1

***

***

***

***

***

***

********

*** **

***

***

***

***

****

***

***

*** ****

*** *** *** ***

***

****

*

****

****

****

****

***

***

****

****

***

*

****

****

*

*

*

***

***

***

***

**

* *

T2 

−1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1−1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1

−1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1

*

**

**

**

**

**

***

**

**

****

−1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1

* **

**

**

**

**

**

**

***

−1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1

NAb_LVNT_BA.1
NAb_LVNT_BA.2
NAb_LVNT_BA.5

NAb_pVNT_D614G
NAb_pVNT_BA.2

NAb_pVNT_BA.4/5

NAb_pVNT_BF.7
NAb_pVNT_BQ.1.1

NAb_pVNT_BA.2.75.2

NAb_pVNT_CH.1.1
NAb_pVNT_XBB.1.5

NAb_pVNT_XBB.1.16
BA.2_S_IgG
BA.5_S_IgG

BA.2_CD4_OX40+

CH.1.1_CD4_OX40+

BA.2_CD8_CD69+CD137+

CH.1.1_CD8_CD69+CD137+

BA.2_CD4_S_TNF-α

CH.1.1_CD4_S_TNF-α
BA.2_CD4_S_IL-2

CH.1.1_CD4_S_IL-2
BA.2_CD4_S_IFN-γ

CH.1.1_CD4_S_IFN-γ
BA.2_CD8S_TNF-α

CH.1.1_CD8_S_TNF-α
BA.2_CD8_S_IL-2

CH.1.1_CD8_S_IL-2
BA.2_CD8_S_IFN-γ

CH.1.1_CD8_S_IFN-γ

NAb_
LV

NT_W
T

NAb_
LV

NT_B
A.1

NAb_
LV

NT_B
A.2

NAb_
LV

NT_B
A.5

NAb_
pV

NT_B
A.2

NAb_
pV

NT_B
A.4/

5

NAb_
pV

NT_B
F.7

NAb_
pV

NT_B
Q.1.

1

NAb_
pV

NT_B
A.2.

75
.2

NAb_
pV

NT_C
H.1.

1

NAb_
pV

NT_X
BB.1.

5

NAb_
pV

NT_X
BB.1.

16

BA.2_
S_Ig

G

BA.5_
S_Ig

G

BA.2_
CD4_

OX40
+

CH.1.
1_

CD4_
OX40

+

BA.2-
CD8_

CD69
+ CD13

7+

CH.1.
1-C

D8_
CD69

+ CD13
7+

BA.2_
CD4_

S_T
NF-α

CH.1.
1_

CD4_
S_T

NF-α

BA.2_
CD4_

S_IL
-2

CH.1.
1_

CD4_
S_IL

-2

BA.2_
CD4_

S_IF
N-γ

CH.1.
1_

CD4_
S_IF

N-γ

BA.2_
CD8S

_T
NF-α

CH.1.
1_

CD8_
S_T

NF-α

BA.2_
CD8_

S_IL
-2

CH.1.
1_

CD8_
S_IL

-2

BA.2_
CD8_

S_IF
N-γ

NAb_
LV

NT_W
T

NAb_
LV

NT_B
A.1

NAb_
LV

NT_B
A.2

NAb_
LV

NT_B
A.5

NAb_
pV

NT_D
61

4G

NAb_
pV

NT_B
A.2

NAb_
pV

NT_B
A.4/

5

NAb_
pV

NT_B
F.7

NAb_
pV

NT_B
Q.1.

1

NAb_
pV

NT_B
A.2.

75
.2

NAb_
pV

NT_C
H.1.

1

NAb_
pV

NT_X
BB.1.

5

BA.2_
S_Ig

G

BA.5_
S_Ig

G

BA.2_
CD4_

OX40
+

CH.1.
1_

CD4_
OX40

+

BA.2-
CD8_

CD69
+ CD13

7+

CH.1.
1-C

D8_
CD69

+ CD13
7+

BA.2_
CD4_

S_T
NF-α

CH.1.
1_

CD4_
S_T

NF-α

BA.2_
CD4_

S_IL
-2

CH.1.
1_

CD4_
S_IL

-2

BA.2_
CD4_

S_IF
N-γ

CH.1.
1_

CD4_
S_IF

N-γ

BA.2_
CD8S

_T
NF-α

CH.1.
1_

CD8_
S_T

NF-α

BA.2_
CD8_

S_IL
-2

CH.1.
1_

CD8_
S_IL

-2

BA.2_
CD8_

S_IF
N-γ

*

*

*

*

*

NAb_
pV

NT_D
61

4G

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

* *

NAb_LVNT_BA.1

NAb_LVNT_BA.2
NAb_LVNT_BA.5

NAb_pVNT_D614G
NAb_pVNT_BA.2

NAb_pVNT_BA.4/5

NAb_pVNT_BF.7

NAb_pVNT_BQ.1.1
NAb_pVNT_BA.2.75.2

NAb_pVNT_CH.1.1
NAb_pVNT_XBB.1.5

BA.2_S_IgG

BA.5_S_IgG
BA.2_CD4_OX40+

CH.1.1_CD4_OX40+

BA.2_CD8_CD69+CD137+

CH.1.1_CD8_CD69+CD137+

BA.2_CD4_S_TNF-α

CH.1.1_CD4_S_TNF-α

BA.2_CD4_S_IL-2

CH.1.1_CD4_S_IL-2

BA.2_CD4_S_IFN-γ

CH.1.1_CD4_S_IFN-γ

BA.2_CD8S_TNF-α

CH.1.1_CD8_S_TNF-α

BA.2_CD8_S_IL-2

CH.1.1_CD8_S_IL-2
BA.2_CD8_S_IFN-γ

CH.1.1_CD8_S_IFN-γ

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

* *

*

*

*

*

*

*

*

*

BTI T1（A） BTI T2（A)

ll
OPEN ACCESS

10 iScience 27, 110283, July 19, 2024

iScience
Article



Figure 7. Correlation between the parameters of the adaptive immune response at 4-, and 8-month post Omicron BA.2.2 BTI with or without Omicron

BA.5 reinfection

Correlation between the parameters at 4-month (A), and 8-month (B). Correlation between the parameters for participants without subsequent Omicron BA.5

reinfection at 4-month (C) and 8-month (D). Correlation between the parameters for participants with subsequent Omicron BA.5 reinfection at 4-month (E) and

8-month (F). The strength of correlations was assessed by the two-side Sperman’s correlation test. Correlation strength is shown by the size and color of the circle

and statistical significance is shown by asterisks. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The exact r and p values are given in the Table S4. Green lines

separate correlations between different measured immune parameters (antibody responses and T cell responses).
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NAb titers were reduced at 8-month compared to that at 4-month among the participants without Omicron BA.5 reinfection. Nearly all the

serum remained detectable NAb titers against the previous Omicron subvariants (BA.2, BA.5, and BF.7), and partial or all of them lost the

neutralization against emerging Omicron subvariants (BQ.1.1, BA.2.75.2, CH.1.1, XBB.1.5, XBB.1.16, EG.5.1, and JN.1). The level of IgG

and NAb titers at BTI T1 was correlated with subsequent Omicron BA.5 reinfection, and SARS-CoV-2 reinfection could enhance the neutral-

izing ability against the emerging Omicron subvariants. Well-recognized immunity was observed for virus-specific T cell responses against

different Omicron subvariants MPs. Omicron BA.5 reinfection could enhance the secretion of virus-specific TNF-a+/IL-2+/IFN-g+ T cells

and promote the differentiation of virus-specific CD8+ T cells, but had no significant effect on AIM+ T cell responses.

Previous studies have showed that the subjects with Omicron BA.1, BA.2, or BA.5 subvariants BTI had higher NAb titers than that of

vaccinated individuals,7,9,10 and could well neutralized prior circulating Omicron subvariants (BA.1, BA.2, BA.4, or BA.5) at early convales-

cent stage.8–11,13–15 However, only several studies assessed the persistence of humoral immunity against limited representative SARS-

CoV-2 variants beyond 6 months post Omicron subvariants BTI.22,23,35 In this study, we found that the IgG and NAb titers were decreased

at 8-month compared to 4-month among participants without Omicron BA.5 reinfection, revealing that the risk of SARS-CoV-2 reinfection

increases with the extension of time interval post antigen exposure. Meanwhile, we found that serum from most of the participants had

neutralizing ability against D614G, BA.2, BA.5, and BF.7 strains, while those partial or full lost the neutralizing ability against BQ.1.1,

BA.2.75.2, CH.1.1, XBB.1.5, XBB.1.16, EG.5.1, and JN.1 subvariants at both 4- and 8-month post Omicron BA.2 BTI, suggesting that the

immune escape ability of emerging Omicron subvariants is gradually enhanced. Similar with the previous studies, the Omicron BA.5 rein-

fection may enhance the neutralizing ability and alleviate WT-vaccination induced immune imprinting.36 Besides, the level of IgG and NAb

after Omicron BA.2 BTI was correlated with subsequent Omicron BA.5 infection, clarifying the important role of humoral immunity in pre-

venting infection.37,38

Clearly, humoral immunity plays a critical role in viral neutralization, but there is evidence that the virus may spread by cell-to-cell contact

which is resistant to NAb neutralization,39 suggesting that T cell responses may be important for viral clearance and prevention of infec-

tion.28,29,40 Previous studies have shown that T cell responses can well cross-recognize the SARS-CoV-2 WT and Omicron BA.1 strains.30,31,41

In this study, in view of the previous strain of infection and the circulating variants at that time, we selected the Omicron BA.2 and CH.1.1

subvariants to synthesize the corresponding MPs against the spike gene, in which thirteen amino acid differences exist between the twoOm-

icron subvariants in the spike that affect about 10% (25/252) of peptide sequences. Based on those previous studies, we further clarified the

well cross-recognition of T cell responses between Omicron BA.2 and CH.1.1 strains post Omicron BA.2.2 BTI and Omicron BA.5 reinfection,

implying that T cell responsesmay play a vital role in preventing emerging SARS-CoV-2 variants, especially for thosewith strong escape ability

against NAb neutralization.

Given the reinfection status, we found that the ICS+ CD4+ or CD8+ responses were slightly or significantly higher in BTI plus RI T2 (B) group

than those in BTI T2 (A) group, indicating that antigen exposure can promote the secretion of TNF-a+, IL-2+, and IFN-g+ by virus-specific CD4+

or CD8+ T cells.42,43 However, the ICS+ T cell responses were comparable between BTI plus RI T2 (B) group and BTI T1 (B) group, without the

expected increase after SARS-CoV-2 reinfection. Combined with the recent studies of T cell responses in acute stage,44,45 we speculate that

virus-specific CD4+ or CD8+ T cells are robustly activated within the first week and then reduced quickly over one month after antigen

exposure.

Consistent with the previous studies,41,46 Tnaive is the main phenotypic subset of virus-specific CD4+ T cells, while TEMRA is the main

phenotypic subset for virus-specific CD8+ T cells at 4-month post BA.2.2 BTI. What’s more, slightly or significantly changes of Tnaive and

TEM subsets were observed in BTI plus RI T2 (B) group compared to BTI T2 (A) and BTI T1 (B) group, revealing that the differentiation changes

from Tnaive to TEM after reinfection may play an important role in preventing severe diseases.46,47 Obviously, the percentage of asymptom-

atic patients post Omicron BA.5 reinfection is higher than those post Omicron BA.2.2 BTI in this study.

Similar with the documented study,48 we also found that additional antigen exposure can strengthen the correlation between detected

parameters defining the adaptive immune responses, indicating that SARS-CoV-2 reinfectionmay enhance the body immunity to combat the

emerging variants. Surprisingly, inverse correlations possessed higher percentage between humoral and cellular parameters in this study,

suggesting that the kinetic changes of the humoral and cellular response are inconsistent after antigen exposure and the correlation between

them may more likely be reflected in Tfh cell-mediated response of lymphoid tissues rather than in detected T cell response of peripheral

blood.45,46

In conclusion, this study has expanded our understanding of immunity persistence and cross-reactivity of T cell response among individ-

uals post Omicron subvariants BTI and reinfection. For one thing, emerging Omicron subvariants extensively escape the immunity elicited by

prior Omicron subvariant BTI, while SARS-CoV-2 reinfection can significantly enhance the neutralization andmay alleviate theWT-vaccination

induced immune imprinting. For another thing, well cross-recognized immunity is still observed between different Omicron subvariants and

SARS-CoV-2 reinfection can boost the ICS+ T cell responses and promote the differentiation of CD8+ T cell subsets. Taken together, our data
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support the use of updated vaccines based on the newly identified Omicron subvariants or the conserved T cells to combat the diverse

emerging SARS-CoV-2 variants.

Limitations of the study

Our study has several limitations. Firstly, limited numbers of participants were investigated at 8-month post Omicron BA.2.2 BTI. Secondly, we

focused more attention on virus spike-specific immunity and were not able to assess the function of SARS-CoV-2-specific T cells targeting

antigens other than spike. Besides, we only got serum and PBMCs at convalescent stages and could not accurately grasp the dynamic

changes of humoral and cellular responses, Therefore, more prospective studies with multiple followed-up time points and enough clinical

samples are needed to confirm and expand the results in the study.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-human CD3 BUV661 (UCHT1) BD Biosciences Cat# 612965; RRID: AB_2916886

anti-human CD4 BV510 (RPA-T4) BioLegend Cat# 300546; RRID: AB_2563314

anti-human CD8a BV785 (RPA-T8) BioLegend Cat# 301046; RRID: AB_2563264

anti-human CD14 R718 (M5E2) BD Biosciences Cat# 567069; RRID: AB_2916417

anti-human CD19 FITC (4G7) BioLegend Cat# 392508; RRID: AB_2750099

anti-human CD69 allophycocyanin (APC) (FN50) BioLegend Cat# 310910; RRID: AB_314845

anti-human OX40 phycoerythrin (PE)/Dazzle 594 (ACT35) BioLegend Cat# 350020; RRID: AB_2571940

anti-human CD137 BV421 (4B4-1) BioLegend Cat# 309820; RRID: AB_2563830

anti-human CD45RA PE/Cy7 (HI100) BioLegend Cat# 304126; RRID: AB_10708879

anti-human CCR7 BV605 (3D12) BD Biosciences Cat# 353224; RRID: AB_2561753

anti-human IL-2 BV711 (MQ1-17H12) BioLegend Cat# 500346; RRID: AB_2616639

anti-human IFN-g PE (B27) BioLegend Cat# 506507; RRID: AB_315440

anti-human TNF-a BV650 (MAb11) BioLegend Cat# 502938; RRID: AB_2562741

anti-human CD28 (CD28.2) BioLegend Cat# 302902; RRID: AB_314304

anti-human CD49d (9F10) BioLegend Cat# 304334; RRID: AB_2749896

Live/Dead Viability FVS780 BD Biosciences Cat# 565388; RRID: AB_2869673

Bacterial and virus strains

SARS-CoV-2 pseudovirus for D614G This study N/A

SARS-CoV-2 pseudovirus for BA.2 This study N/A

SARS-CoV-2 pseudovirus for BA.4/5 This study N/A

SARS-CoV-2 pseudovirus for BF.7 This study N/A

SARS-CoV-2 pseudovirus for BQ.1.1 This study N/A

SARS-CoV-2 pseudovirus for BA.2.75.2 This study N/A

SARS-CoV-2 pseudovirus for CH.1.1 This study N/A

SARS-CoV-2 pseudovirus for XBB.1.5 This study N/A

SARS-CoV-2 pseudovirus for XBB.1.16 This study N/A

SARS-CoV-2 pseudovirus for EG.5.1 This study N/A

SARS-CoV-2 pseudovirus for JN.1 This study N/A

SARS-CoV-2 WT/human/CHN/Beijing_IME-BJ01/2020 This study Genbank No. MT291831

SARS-CoV-2 Omicron BA.2 CoV/human/CHN_CVRI-04/2022 This study N/A

SARS-CoV-2 Omicron BA.5 CoV/human/CHN_CVRI-12/2022 This study N/A

SARS-CoV-2 XBB.1.16 CoV/human/CHN_CVRI-06/2023 This study N/A

E.coli DH5a Competent Cells TaKaRa Cat# 9057

Biological samples

Human blood samples This study N/A

Chemicals, peptides, and recombinant proteins

Omciron BA.2 spike mega peptide pool GLBiochem N/A

Omicron CH.1.1 spike mega peptide pool GLBiochem N/A

SARS-CoV-2 Omicron BA.2 Spike Trimer Protein ACROBiosystems Cat# SPN-C522b

SARS-CoV-2 Omicron CH.1.1 Spike Trimer Protein ACROBiosystems Cat# SPN-C522j

Luciferase Assay System Vazyme Cat# DD1204-02

(Continued on next page)
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Cell Activation Cocktail BioLegend Cat# 423301

Brefeldin A BioLegend Cat# 420601

Monensin BioLegend Cat# 420701

Cyto-Fast� Fix/Perm Buffer BioLegend Cat# 426803

Cell Staining Buffer BioLegend Cat# 420201

Experimental models: Cell lines

293T-ACE2 cells Vazyme Cat# DD1701-01

HEK-293T cells ATCC Cat# CRL-3216

Vero E6 ATCC Cat# CRL-1586

Software and algorithms

GraphPad Prism Version 8.0.2 GraphPad Software https://www.graphpad.com

ID7000 Software TreeStar https://www.sonybiotechnology.com/us/instruments/

id7000-spectral-cell-analyzer/software/

Rstudio Posit https://www.rstudio.com/categories/rstudio-ide/
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Guo-LinWang

(guolin_wang2019@163.com).
Materials availability

Aliquots of synthesized sets of peptides utilized in this study will be made available upon request. There are restrictions to the availability of

the peptide reagents due to cost and limited quantity.
Data and code availability

The published article includes all data generated or analyzed during this study, and summarized in the accompanying tables, figures and sup-

plemental information. This paper does not report 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 STUDY PARTICIPANT DETAILS

Study participants

A cohort of 42 participants with confirmed Omicron BA.2.2 infections was enrolled in Jiangyin city, Jiangsu Province of China between

September 19 and November 08, 2022 in this study. The median age of the participants was 49.0. 23 (54.8%) subjects were male and 19

(45.2%) subjects were female. In addition, ten vaccinated subjects (five males and five females, with a median age of 40.5) without infection

were enrolled as healthy controls. The race of all enrolled participants was the Asian. Information on age, sex and vaccination background of

these participants were listed in Tables 1 and S1.
Ethics statement

The study was approved by the Institutional Review Board of the Beijing Institute of Microbiology and Epidemiology (IRB number: AF/SC-08/

02.245). Written informed consent was obtained from all participants.
METHOD DETAILS

Peripheral blood mononuclear cells (PBMCs) isolation

The PBMCs were isolated using SepMate�-15 (STEMCELL Technologies Inc., Vancouver, Canada) density gradient centrifugation according

to themanufacturer’s instructions. Blood samples, PBS+2% FBS, and density gradientmediumwere firstly mixed with equal volume. Then the

diluted samples were centrifuged at 12003g for 10 min at room temperature. PBMCs were poured into a separate 15 ml tube and washed

twice with PBS+2% FBS. Finally, the PBMCs were resuspended with serum-free cell cryopreservation solution (New Cell & Molecular Biotech

Co., Ltd, Cat# C40100) and stored at -80�C until use.
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Enzyme-linked immunosorbent assay analysis of IgG antibody to spike trimer of Omicron BA.2 and BA.5

The recombinant spike trimer of Omicron BA.2 (ACROBiosystems, Cat# SPN-C522b) and BA.5 (ACROBiosystems, Cat# SPN-C522j) was

coated onto flat-bottom, 96-well, enzyme-linked immunosorbent assay (ELISA) plates overnight at 4�C with 0.1 mg/well. The plates were

then washed with PBS with 0.05% Tween 20 (PBS-T) and blocked with blocking buffer (2% bovine serum albumin in PBS) for one hour at

room temperature. Duplicate 3-fold 8-point serial dilutions (starting at 1:200) of heat-inactivated serum samples diluted in blocking buffer

were added to the wells and incubated at 37�C for 1 hour. Following that, the wells were incubated with the 1:5000 horseradish peroxidase

(HRP)-labeled anti-human IgG antibody (Promega, Cat# W4031) and TMB substrate (Mei5bio, Cat# MF142-01). The optical density (OD) was

measured by a spectrophotometer at wavelengths of both 450 nm and 630 nm. Endpoint antibody titers were calculated by fitting a curve

using 4 parameter log regression analysis, and the initial dilution of 200 was considered as the detection threshold.

Production of variant SARS-CoV-2 spike plasmid pseudovirus

SARS-CoV-2 pseudoviruses were generated by co-transfecting HEK-293T cells (ATCC, Cat# CRL-3216) with human immunodeficiency virus

backbones expressing firefly luciferase (pNL4-3-R-E-luciferase) and pcDNA3.1 vector encoding either D614G, BA.2, BA.5, BF.7, BQ.1.1,

BA.2.75.2, CH.1.1, XBB.1.5, XBB.1.16, EG.5.1, or JN.1 S proteins plasmid.34 The medium was replaced with fresh medium at 24 hours, and

the supernatants were harvested at 48 hours post-transfection and clarified by centrifugation at 400 g for 10 minutes before aliquoting

and storing at -80�C until use.

Pseudovirus neutralization test

Pseudoviruses were titrated on 293T-ACE2 cells (Vazyme, Cat# DD1701-01) prior to conducting the neutralization assays to normalize the viral

input between assays. Heat-inactivated sera were serially diluted starting from 1:30 with a dilution factor of three. Then, 50 mL of diluted pseu-

dovirus was added and incubated with diluted serum for 1 hour at 37�C. After that, 2x104 293T-ACE2 cells per well were added and incubated

at 37�C, 5% CO2 for 48 hours. Subsequently, luciferase activity was quantified using the Luciferase Assay System (Vazyme, Cat# DD1204-02)

using GloMax 96 Microplate Luminometer (Promega, E6521). Neutralization ID50 values for serum were calculated by a four-parameter

nonlinear regression inhibitor curve in GraphPad Prism 8.0.2 (version 8.0.2, La Jolla, California, USA). A sample with ID50 values no more

than 30 (the detectable limit) was considered negative for neutralizing antibodies and was assigned a value of 10 in geometric mean titer

(GMT) calculations.

Live-virus neutralization test

To further confirm the results by pVNT, we measured the serum neutralizing antibody by a live-virus neutralizing assay (LVNT). Briefly, the

serum was heat-inactivated at 56�C for 30 min. Serum were then serially diluted starting from 1:10 with a dilution factor of two, and an equal

volume of challenge virus solution containing 100 TCID50 of virus (SARS-CoV-2 WT/human/CHN/Beijing_IME-BJ01/2020, SARS-CoV-2 Om-

icron BA.2 CoV/human/CHN_CVRI-04/2022, SARS-CoV-2 Omicron BA.5 CoV/human/CHN_CVRI-12/2022, or SARS-CoV-2 XBB.1.16 CoV/

human/CHN_CVRI-06/2023) was added. After 1 hour incubation at 37�C, 5% CO2, 100 mL of 13105 cells/mL Vero E6 cells were added to

the wells of the virus-serum mixture and then cultured in a CO2 incubator at 37�C for 4 days. After that, the cytopathic effect (CPE) was

read. The Reed-Muench method was used to calculate the neutralization endpoint (convert the serum dilution to logarithm), which means

that the highest dilution of serum that can protect 50% of cells from infection by challenge with 100 TCID50 virus is the antibody potency

of the serum. For final titer lower than 10, a value of 5 was assigned for geometric mean calculations and was considered seronegative.

Antigenic Cartography

The neutralizing data of participants in BTI T1 group and BTI plus RI T2 group was used to generate the antigenic map with R package Rac-

macs (version 1.1.9) and ggplot2 (version 3.4.2). The spacing of the grid lines corresponds to the neutralizing antibody titers unit, which was

equivalent to the 2-fold change in the neutralizing ID50 titer.

SARS-CoV-2 BA.2 and CH.1.1 spike peptide synthesis and pooling

Peptides were synthesized against whole spike protein of SARS-CoV-2 BA.2.2 and CH.1.1 omicron subvariants. Peptides were 15-mers over-

lapping by 10 amino acids and were synthesized in GL Biochem Ltd. (Shanghai, China). All peptides were individually responded in dimethyl

sulfoxide (DMSO) at a concentration of 10mg/ml.Megapools (MP) for each variants spike were created by pooling aliquots of these individual

peptides, and resuspending in DMSO at a concentration of 1 mg/ml. The detailed information of the peptides was available in Table S3.

Flow cytometry-based T cell assays

The activation induced cell marker (AIM) and Intra Cellular Staining (IC) assay was conducted as previous described.49,50 In summary, PBMCs

were cultured in the presence of 1 mg/ml SARS-CoV-2 spike MPs, 0.5 mg/ml CD28 (BioLegend, Cat# 302902), and 0.5 mg/ml CD49d

(BioLegend, Cat# 304334) in 96-well U-bottom plates at a concentration of 1✕106 PBMC per well. As negative and positive controls,

DMSO and Cell Activation Cocktail (BioLegend, Cat# 423301) was used to stimulate the cells, respectively. After incubation for 19 hours at

37�C, 5% CO2, Brefeldin A (BFA, BioLegend, Cat# 420601) andMonensin (BioLegend, Cat# 420701) were added to cells for blocking cytokine

transport. After five hours, the cells were stained with CD3 BUV661 (BD, Cat# 612965), CD4 BV510 (BioLegend, Cat# 300546), CD8a
iScience 27, 110283, July 19, 2024 17
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(BioLegend, Cat# 301046), CD19 (BioLegend, Cat# 392508), CD14 (BD, Cat# 567069), CD69 (BioLegend, Cat# 310910), OX40 (BioLegend,

Cat# 350020), CD137 (BioLegend, Cat# 309820), CCR7 (BD, Cat# 568681), CD45RA (BioLegend, Cat# 304126), and Live/Dead FSV780 (BD,

Cat# 565388). Cells were then fixed using Cyto-Fast� Fix/Perm Buffer (BioLegen, Cat# 426803) and stained with IL-2 (BioLegend, Cat#

500346), IFN-g (BioLegend, Cat# 506507), and TNF-a (BioLegend, Cat# 502938). Finally, cells were fixed in Cell Staining Buffer

(BioLegend, Cat# 420201).

All samples were acquired on a ID7000TM Cell Analyzer (Sony Biotechnology) and analyzed with ID7000 Software (https://www.

sonybiotechnology.com/us/instruments/id7000-spectral-cell-analyzer/software/). A representative example of the gating strategy for AIM

and ICS assays is showed in Figure S5. Virus-specific AIM CD4+ and CD8+ T cells responses were calculated as percent of total CD4+

(OX40+CD137+) or CD8+ (CD69+CD137+) T cells. For ICS, CD3+CD4+ and CD3+CD8+ cells were further gated based on a combination of

each cytokine (IFN-g, TNF-a, IL-2) with FSC-A, respectively. The background was removed from the data by subtracting the wells stimulated

with DMSO. The values above zero are considered as positive.
QUANTIFICATION AND STATISTICAL ANALYSIS

The data was described using descriptive statistics, which display continuous variables as Geometric mean or medians, categorical variables

as percentages or proportions. The "n" in the figure or figure legends represents the number of enrolled participants. The statistical analyses

were performed using GraphPad Prism (version 8.0.2) and RStudio (version 4.2.3) software. Differences between the groups were assessed by

either theMann-Whitney test or theWilcoxonmatched-pairs signed rank test. The strength of correlations was evaluated by Spearman’s test.

All statistical tests were 2-sided with a significance level of 0.05. Significance value is denoted as "*" in Figures 3 and 7, where * indicates p%

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