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Distinct immune memory
induced by SARS-CoV-2
in convalescent liver
transplant recipients
Mengcheng Liu1,2,3†, Feng Wu1,2†, Binwei Duan1,2†,
Yuxuan Zhang1,2,3†, Wenjing Wang1,3, Zhuangzhuang Chen1,2,
Yibo Sun1,2, Gongming Zhang1,2, Yifei Wang1,2, Yueyi Sun1,2,
Yabo Ouyang1,2,3* and Guangming Li1,2*

1Department of General Surgery Center, Beijing YouAn Hospital, Capital Medical University, Beijing
Institute of Hepatology, Beijing, China, 2Clinical Center for Liver Cancer, Capital Medical University,
Beijing, China, 3Beijing Engineering Research Center for Precision Medicine and Transformation of
Hepatitis and Liver Cancer, Beijing, China
The understanding of how the host immune response differs in T-cell phenotype

andmemory formation during SARS-CoV-2 infection in liver transplant recipients

(LTRs) remains limited. LTRs who recovered from COVID-19 infection without

prior vaccination represent a unique population for studying immune responses

to SARS-CoV-2. Six LTRs with positive neutralizing antibodies (nAb+) and six LTRs

with negative nAb (nAb-) were included at 6 months following COVID-19

infection. It was found that nAb+ LTRs had higher anti-RBD IgG titers and

greater neutralizing percent inhibition compared to nAb- LTRs. Fifteen T-cell

subsets were identified in COVID-19 convalescent LTRs, and it was shown that

only terminal effector CD8+ - 3 decreased in the nAb+ group, while elevated IL-

10 expression levels were found in the nAb- group. After stimulation with the

SARS-CoV-2 XBB spike peptide pool in vitro, it was observed that the nAb+ group

exhibited an increase in effector memory CD4+ cells with lower PD-1 expression,

a reduction in effector memory CD4+ - 2 cells, and terminal effector CD8+ - 3

cells, while the nAb- group showed high expression of CTLA-4 and IL-10 in

terminal effector CD8+ - 3 cells. Four SARS-CoV-2-specific T-cell subsets were

identified, with high expression of TNF-a and IFN-g in terminal effector CD8+ - 1

and terminal effector CD8+ - 2 cells in both groups. Perforin wasmainly detected

in terminal effector CD8+ - 2 cells in nAb+ LTRs. In addition to these proportional

differences, stem cell memory CD4+ cells with higher IL-17A expression and

stem cell memory CD8+ cells with higher CTLA-4 expression were also found in

nAb- LTRs. These findings suggest that LTRs who developed nAb+ following
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SARS-CoV-2 infection exhibit stronger T-cell responses, with more robust immune

activation and memory recall, compared to nAb- LTRs. This study underscores the

importance of understanding T-cell responses during SARS-CoV-2 recovery for

guiding vaccination strategies and managing immunity in LTRs.
KEYWORDS

liver transplant recipients, SARS-CoV-2 convalescent, neutralizing antibodies, immune
memory, T cell phenotype
Introduction

Immunosuppression and comorbidities make liver transplant

recipients (LTRs) a vulnerable population with a markedly elevated

risk of symptomatic SARS-CoV-2 infection compared to the

general population (1). To date, most studies in LTRs have

evaluated cellular and humoral immunity against SARS-CoV-2

following two doses of mRNA vaccines (2, 3). LTRs exhibit a

lower immune response to SARS-CoV-2 vaccination, as

evidenced by a lower rate of seroconversion and lower antibody

titers compared to immunocompetent patients or healthy donors

(4–6). Changes in the humoral immune response after SARS-CoV-

2 infection in LTRs have also been assessed, showing that anti-

nucleocapsid IgG antibodies have lower durability and faster decay

within the first 6 months after infection in LTRs, compared with

immunocompetent patients (7). In addition to neutralizing

antibodies (nAb), optimal immunity to SARS-CoV-2 requires

strong T-cell responses to protect against both current SARS-

CoV-2 strains and emerging variants (8).

Several studies have investigated immune responses in LTRs

vaccinated with SARS-CoV-2 inactivated vaccines, but the immune

mechanisms involved in their response to natural infection remain

poorly understood (6, 9, 10). In particular, T-cell mediated

immunity, especially T memory cell formation, is poorly

understood in LTRs who have recovered from natural COVID-19

infection without prior vaccination. This gap in knowledge is

significant, as T cells play a crucial role in long-term immunity

and protec t ion agains t re infec t ion , par t i cu lar ly for

immunocompromised individuals such as LTRs (11). Despite

advances in vaccination strategies, understanding the differences

in T-cell responses between nAb+ and nAb- LTRs remains an

important, unanswered question. It is essential to understand how

these T-cell subsets respond to SARS-CoV-2 infection and how this

impacts vaccine efficacy, reinfection risk, and overall immune

health in LTRs.

Our study aims to address these knowledge gaps by comparing

T-cell responses in LTRs who experienced their first COVID-19

infection without prior vaccination. Specifically, we investigate

differences in T-cell phenotypes and memory formation based on

post-infection nAb status, providing valuable insights into how

immune memory is shaped in this unique patient population. To
02
achieve this, we used PBMCs derived from recovered COVID-19

LTRs to assess memory responses by evaluating antibody

production, T-cell phenotyping, and intracellular cytokine levels.

Understanding these immune mechanisms is critical for guiding

clinical strategies, particularly for LTRs who may be unwilling to

receive the COVID-19 vaccine or may experience diminished

vaccine responses due to their immunosuppressive therapy. By

addressing these unknowns, our study aims to improve the

clinical management of LTRs in the context of COVID-19,

offering new perspectives on immune monitoring and potential

therapeutic approaches for this vulnerable group.
Materials and methods

Study participants

Six LTRs with nAb+ and six LTRs with nAb-, matched

according to clinical variables associated with LTRs, were

included 6 months following coronavirus disease 2019 (COVID-

19) infection without prior SARS-CoV-2 vaccination. A

comparison of the clinical data for the LTRs is presented in

Table 1. No significant differences were observed between the two

groups of LTRs in terms of age, gender, time from transplantation

to the first SARS-CoV-2 infection, types of immunosuppressants, or

comorbidities (Table 1, all P > 0.05). Plasma was obtained by

centrifuging blood samples at 3500 rpm for 5 minutes and frozen

at –80°C for further analysis. PBMCs were isolated by density

gradient centrifugation using lymphocyte separation medium

(Corning). After isolation, the cells were cryopreserved in fetal

bovine serum (Corning) with 10% dimethyl sulfoxide (DMSO;

Sigma-Aldrich) until use. The viability of cryopreserved PBMCs

was assessed using the Trypan blue exclusion method, and viability

was consistently above 85% prior to analysis. All clinical datas of

LTRs within 4 weeks before sample collection were retrospectively

reviewed. The studies involving human participants were approved

by the Ethics Committee of Beijing YouAn Hospital ([2021]083).

The studies were conducted in accordance with local legislation and

institutional requirements. All participants provided written

informed consent to participate in this study. No potentially

identifiable images or data are presented in this study.
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Anti-SARS-CoV-2 neutralizing antibody
detection

Anti-SARS-CoV-2 neutralizing antibody levels were

determined using the Anti-SARS-CoV-2 Neutralizing Antibody

Titer Serologic Assay Kit (ACROBiosystems, USA) as previously

described (6). The cutoff value was set at 20% signal inhibition. A

neutralizing percent inhibition (NPI) ≥20% indicated the presence

of Anti-SARS-CoV-2 neutralizing antibodies (nAb+), while an NPI

<20% indicated the absence of neutralizing antibodies (nAb-).
Detection of anti-SARS-CoV-2 antibody
IgG titer

The IgG titers of antibodies against the structural protein RBD

were determined using the indirect ELISA kit (ACROBiosystems,

USA) according to the manufacturer’s instructions. Each value

obtained was the average of three independent biological replicates.
T cells stimulation

1 × 106 cryopreserved PBMCs were cultured in a 6-well plate

(Corning) with TexMACS™ GMP Medium, containing 100 U/mL

penicillin and 100 mg/mL streptomycin. The cells were then

stimulated with 1 mg/mL SARS-CoV-2 Spike Omicron XBB

peptide pool (QYAOBIO, catalog number 4890000013, China) at

37°C and 5% CO2 for 24 hours, following the manufacturer’s

guidelines for optimal T-cell stimulation. A cell activation cocktail

kit, consisting of PMA (phorbol 12-myristate 13-acetate) and

ionomycin (BioLegend, catalog number 423301, USA), was used as

the positive control, following the manufacturer’s instructions, in a

separate group. DMSO (dimethyl sulfoxide) at a final concentration
Frontiers in Immunology 03
of 0.02% was used as the negative control in another group. Brefeldin

A (BioLegend) was added for an additional 4 hours to facilitate

intracellular cytokine detection by mass cytometry.
Mass cytometry and data analysis

PBMCs from LTRs were incubated with 1 mM cisplatin (198-Pt,

Fluidigm, USA) for 2 minutes to evaluate cell viability using mass

cytometry. Maxpar Metal-Conjugated Antibodies (Standard

BioTools™) were used to identify all major T-cell subsets, perform

comprehensive immunophenotyping of cytokine-expressing cells, and

assess the activation status of these subtypes, as shown in Supplementary

Table 1, which also includes the catalog numbers for each antibody. Data

were obtained from the Helios mass cytometer (Fluidigm), and standard

data were normalized. The results from each run were collected and

analyzed using R and PhenoGraph, as previously described (6).
Statistical analysis

The SPSS software package (version 23.0; SPSS Inc., USA) was

used for all statistical analyses. Continuous variables are presented

as the median (minimum –maximum), and categorical variables as

the number of observations (n) and percentage (%). The Mann-

Whitney U test, chi-square test, or Fisher’s exact test was applied to

compare differences among groups. The significance level was set at

P < 0.05 for two-sided tests. Spearman’s rank correlation was used

for correlation analyses.
Results

Difference in neutralizing inhibition rate
and anti-RBD levels in LTRs

Twelve LTRs who recovered from COVID-19 with mild

symptoms were recruited. Figure 1A shows that LTRs were

classified into two groups based on the neutralizing percent

inhibition (NPI) results (P = 0.004): the group with Anti-SARS-

CoV-2 nAb detected (nAb+, 6 patients, NIR ≥ 20%) and the group

with nAb undetected (nAb-, 6 patients, NIR < 20%). Subsequent

analysis was performed based on these two groups. Higher anti-

RBD titers were detected in the nAb+ group compared to the nAb-

group (P = 0.003, Figure 1B). NPI showed a strong correlation with

anti-RBD levels (Spearman’s r = 0.973, P = 0.000, Figure 1C).
T cell subsets in COVID-19 convalescent
LTRs

To investigate the cellular immune response to SARS-CoV-2, we

first assessed T cell subsets according to nAb levels in peripheral blood

derived from LTRs 6 months post-COVID-19 infection. Fifteen T cell

populations were clustered (Figures 2A, B), including: C1_central
TABLE 1 Comparison of clinical characteristics in the liver
transplantation recipients.

nAb+ (n = 6) nAb- (n = 6) P-Value

Age (years) 64.9 (55.3-69.0) 51.0 (46.2-63.2) 0.057a

Gender (Male) 6 6 1.00b

Duration from LT to
first SARS-CoV-2
infection (years)

8.5 (1.6-15.4) 4.3 (4.1-11.4) 1.000a

Tacrolimus daily dose
(mg/day)

1.0 (1.0-3.0) 1.0 (0-2.0) 0.315a

MMF/MPA or not 2:4 1:5 1.000b

Drug concentration
of sirolimus

5.1 (3.9-5.1) 4.3 (0.9-4.9) 0.827a

Drug concentration
of tacrolimus

3.3 (1.8-4.8) 1.9 (1.0-7.0) 0.784a

Diabetes or not 3:3 0:6 0.182b
LT, liver transplant; MMF, mycophenolate mofetil; MPA, mycophenolic acid. a. Kruskal–
Wallis test, b. Fisher’s exact test.
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FIGURE 2

T cell subsets in LTRs recovered from COVID-19. (A) CyTOF-identified cell clusters from PBMCs visualized by t-distributed stochastic neighbor
embedding (t-SNE). (B) Heatmap showing the expression patterns of various markers, stratified by FlowSOM clusters. The heat scale is calculated as the
column z-score of mean fluorescence intensity (MFI). (C) Percentage of each cluster in the two groups. Each dot represents an individual group, with a
line at the median of the groups. (D) The arcsinh expression level of PD-1 in the C3 subset after stimulation with the SARS-CoV-2 Spike Omicron XBB
peptide pool, comparing nAb+ and nAb- LTRs. A line is drawn at the median of the groups. (E) The arcsinh expression levels of CD28, CTLA-4, and IL-10
in the C15 subset in convalescent and SARS-CoV-2-specific T cells. A line is drawn at the median of the groups. Significance was determined using the
Kruskal–Wallis test. Statistical significance was set at a two-sided p-value <0.05. C3: Effector memory CD4+ - 1 (CD45RO+ CD28- CCR7-), C10: Effector
memory CD4+ - 2 (CD57+ CD45RO+ CD28- CCR7-), C15: Terminal effector CD8+ - 3 (CD57+ CD8+ CD45RA+ CCR7-).
FIGURE 1

Comparison of antibody responses between the two groups of LTRs. (A) Neutralizing antibody detection in plasma from COVID-19 convalescent
LTRs. The cutoff value is set at 20% signal inhibition. (B) Comparison of anti-RBD antibody responses between the nAb+ and nAb- groups.
(C) Correlation between anti-RBD levels and NPI. p-values (two-sided) and r values are based on Spearman’s rank test. LTRs, liver transplant
recipients; NPI, neutralizing percent inhibition.
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memory CD4+ - 1 (CD4+ CD7+CD45RO+CCR7+), C2_transitional

memory CD4+ (CD45RO+CD28+CCR7-), C3_effector memory CD4

+ - 1 (CD45RO+CD28-CCR7-), C4_ Naïve CD4+ (CD4+CD45RA

+CCR7+), C5_effector memory CD8+ (CD161+CD8+CD45RO

+CCR7-), C6_stem cell memory CD4+ (CD69+CTLA-4+CD4

+CD45RA+CCR7+CD28+), C7_central memory CD4+ - 2 (CD4

+CD45RO+CCR7+), C8_Naive CD8+ (CD8+CD45RA+CCR7+),

C9_DPT (CD4+mediumCD8+high), C10_effector memory CD4+ -

2 (CD57+CD45RO+CD28-CCR7-), C11_terminal effector CD8+ - 1

(CD69+CD8+CD45RA+CCR7-), C12_dNT (CD4-CD8-), C13_stem

cell memory CD8+ (CD45RA+CCR7+CD28+), C14_terminal effector

CD8+ - 2 (CD69+ CD137+CD8+CD45RA+CCR7-) and

C15_terminal effector CD8+ - 3 (CD57+CD8+CD45RA+CCR7-).

Nearly all T cell frequencies showed no significant differences

between the two groups, except for C15_ terminal effector 3, which

was decreased in the nAb+ group (P = 0.016) (Figure 2C).

Interestingly, the nAb- convalescent LTRs showed a tendency for

higher expression of CTLA-4 (P = 0.055), while the nAb+ group

showed higher CD28 expression (P = 0.037). Additionally, elevated IL-

10 expression was found in the nAb- group (P = 0.041) (Figure 2E).
T cell response in LTRs recovered from
COVID-19

To investigate how T cells mediate the memory response, we

stimulated PBMCs from recovered LTRs with an XBB spike peptide

pool from SARS-CoV-2 in vitro. SARS-CoV-2-specific T cell

responses in peripheral blood from convalescent LTRs were

compared according to nAb levels. We observed an elevation in

C3_effector memory CD4 + 1 cells in the nAb+ group, which had

lower PD-1 expression (P = 0.006) compared to the nAb- group

(Figures 2A–D). We also detected a reduction in C10_effector

memory CD4+ - 2 cells and C15_terminal effector CD8+ - 3 cells

in the nAb+ group (Figure 2C). During the SARS-CoV-2-related T

cell memory response, the C15_terminal effector CD8+ - 3 subset

showed high expression of CTLA-4 (P = 0.004) and IL-10 (P =

0.006) but not CD28 (P = 0.109), similar to the corresponding

subset in the nAb- group (Figure 2E).
SARS-CoV-2- reactive T cell response in
LTRs recovered from COVID-19

SARS-CoV-2-reactive T cells in LTRs were considered as CD3+

CD4+ or CD3+ CD8+ T lymphocytes expressing CD137 and CD69

simultaneously (11). We identified four SARS-CoV-2-reactive T cell

subsets in liver transplant recipients recovered from COVID-19,

classified as C6, C11, C13, and C14 (Figure 2B). Next, the detection

of all intracellular cytokines, including IL-2, IL-4, IL-10, IL-17A, TNF-

a, IFN-g, perforin, granzyme B, and negative regulators such as PD-1

and CTLA-4, was focused on these four SARS-CoV-2-reactive T cell

subsets (Figure 3A). TNF-a and IFN-g were highly expressed in

C11_terminal effector CD8+ - 1, and IFN-g was also enriched in
Frontiers in Immunology 05
C14_terminal effector CD8+ - 2 in both groups (Figure 3B, P < 0.05).

Perforin was mainly detected in C11_terminal effector CD8+ - 1 and

C14_terminal effector CD8+ - 2 in the nAb+ group (Figure 3B, P <

0.05). Granzyme B was expressed in all four types of SARS-CoV-2-

specific T cells (Figure 3A). In the nAb- group, higher expression levels

of IL-17A in C6_stem cell memory CD4+ (P = 0.016) and CTLA-4 in

C13_stem cell memory CD8+ (P = 0.002) were observed, along with

trends of increased PD-1 expression in C11_terminal effector CD8+ - 1

(P = 0.065) and IL-10 expression in C14_terminal effector CD8+ - 2 (P

= 0.050) (Figure 3C). In the nAb+ group, elevated expression of

perforin in C14_terminal effector CD8+ - 2 (P = 0.016) and a trend

toward increased TNF-a expression in C6_stem cell memory CD4+ (P

= 0.055) were also observed (Figure 3C).
Discussion

The generation and persistence of memory T cells specific to

SARS-CoV-2 are crucial for long-term immunity and play a central

role in understanding reinfection cases and the longevity of vaccine-

mediated protection. Therefore, it is essential to assess the ability of

adaptive immune memory in liver transplant recipients (LTRs) who

have recovered from COVID-19. In this study, convalescent LTRs

were classified into two groups based on the detection of neutralizing

antibodies (nAb) to evaluate the memory T cell response to SARS-

CoV-2 in LTRs who were 6 months post-infection.

As demonstrated, SARS-CoV-2-specific T cell immunity is

elicited in most LTRs but declines over time, and it is comparable

to that observed in immunocompetent patients (12). Our results

showed that the nAb+ group exhibited higher anti-RBD antibody

titers than the nAb- group, with a strong association between NPI

and anti-RBD levels in convalescent LTRs. Previous reports have

also shown a strong correlation between the levels of antibodies that

bind to the RBD of SARS-CoV-2 and the neutralizing antibodies in

patients with SARS-CoV-2 infection (13, 14).

The difference in cellular immunity between robust and poor

immune responses after SARS-CoV-2 infection is a major concern in

organ transplant patients. Therefore, it is necessary to reveal the memory

response mediated by T cells in LTRs. We performed high-parameter

CyTOF analysis to examine the peripheral T cell immune spectrum

before and after spike stimulation of PBMCs from recovering LTRs and

to assess the phenotypes and intracellular cytokine levels. During

convalescence from COVID-19 in LTRs, the frequencies of T cell

subsets were similar between the nAb+ and nAb- groups, except for

C15_terminal effector CD8+ - 3, which was lower in the nAb+ group.

CD8+CD57+ T cells, a subset with strong cytotoxic potency and

impaired proliferative capability (15), may be activated and depleted in

the early stages of SARS-CoV-2 infection, leading to their decline in the

nAb+ group. As the virus is cleared and nAb is produced, the demand

for and activation of CD57+CD8+ terminal effectors diminished.

A similar T cell response was exhibited by LTRs and non-

transplanted individuals one year after COVID-19 diagnosis (11). The

majority of individuals who had recovered from SARS-CoV-2 infection 6

months ago showed SARS-CoV-2-specific T cell responses (16). We first

obtained the complete T cell immune response landscape for LTRs after
frontiersin.org
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stimulation with the Spike peptide pool. Some differences were observed

between the nAb+ and nAb- groups. We found an elevation in

C3_effector memory CD4+ - 1 cells in the nAb+ group, with lower

PD-1 expression. This suggests that the nAb+ group had more CD4+

effector memory cells, stimulated by the spike peptide pool, entering a

memory state and exhibiting stronger antigen-specific immune responses.

PD-1, an immune checkpoint molecule, interacts with PD-L1 on T cells,

attenuating T cell activation and proliferation, and influencing T cell

differentiation and function, leading to the formation ofmemoryT cells or

regulatory T cells (17). It has been reported that antigen stimulation can

induce CD4+ T cell exhaustion, which is characterized by a reduced

number of cells, impaired cytokine secretion, and increased expression of

inhibitory receptors such as PD-1, Lag3, and CTLA-4 (18). Additionally,

we observed a reduction in C10_effector memory CD4+ - 2 cells and

C15_terminal effector CD8+ - 3 cells in the nAb+ group. CD57

expression has been reported to mark replicative senescence and

antigen-triggered apoptotic death of CD8+ T cells (19).

In the nAb- group, we also found high expression of CTLA-4

and IL-10 in the C15_terminal effector CD8+ - 3 subset, similar to

the corresponding subset before spike stimulation. These findings

suggest that antigen stimulation and immune memory affect the
Frontiers in Immunology 06
differentiation and function of T cells in recovered LTRs. The

contrasting CTLA-4 and CD28 expression profiles between the

nAb- and nAb+ groups may reflect differences in immune

activation and regulation following SARS-CoV-2 exposure in liver

transplant recipients. The nAb- individuals, with higher CTLA-4

expression, may have a more regulated or exhausted immune

response, limiting the effectiveness of their T cell and antibody-

mediated immunity against SARS-CoV-2. In contrast, nAb+

individuals, with elevated CD28 expression, may represent a

subset with more robust immune activation, capable of both

neutralizing antibody production and T cell-mediated immunity.

The T cell response in nAb- patients to SARS-CoV-2 antigen

stimulation was different from that in the nAb+ group. The T cells

in the nAb- group had not established effective immune memory

and could not respond quickly to SARS-CoV-2 antigen stimulation.

They required more co-stimulatory signals to activate and expand, a

process regulated by IL-10, a cytokine that can both inhibit and

promote T cell effector function and exhaustion (20).

CD8+ T cells play a crucial role in controlling and resolving viral

infections, with their phenotypes and effector functions varying depending

on the inflammatory context and the duration and extent of antigen
FIGURE 3

SARS-CoV-2-specific T cell response in convalescent LTRs. (A) Heatmap of arcsinh expression of IL-2, IL-4, IL-10, IL-17A, TNF-a, IFN-g, perforin,
granzyme B, PD-1, and CTLA-4 in four types of SARS-CoV-2-specific T cells. (B) The arcsinh expression levels of TNF-a, IFN-g, perforin, and
granzyme B in the four SARS-CoV-2-specific T cell clusters. A line is drawn at the median of the groups. (C) The arcsinh expression levels of TNF-a
and IL-17A in C6, PD-1 in C11, CTLA-4 in C13, and IL-10 and perforin in C14. Significance was determined using the Kruskal–Wallis test, followed by
multiple pairwise comparisons. Statistical significance was set at a two-sided p-value <0.05 and adjusted p < 0.05. C6: Stem cell memory CD4+
(CD69+ CTLA-4+ CD4+ CD45RA+ CCR7+ CD28+), C11: Terminal effector CD8+ - 1 (CD69+ CD8+ CD45RA+ CCR7-), C13: Stem cell memory CD8
+ (CD45RA+ CCR7+ CD28+), C14: Terminal effector CD8+ - 2 (CD69+ CD137+ CD8+ CD45RA+ CCR7-).
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exposure (21). In line with previous studies, SARS-CoV-2-reactive T cells

in LTRs were considered as CD3+CD4+ or CD3+CD8+ T lymphocytes

expressing both CD137 and CD69 simultaneously (11). We found that

the SARS-CoV-2-reactive T cells were divided into four clusters. TNF-a
and IFN-g were highly expressed in C11_terminal effector CD8+ - 1 and

C14_terminal effector CD8+ - 2 in both groups, indicating that these two

clusters played an important role in the early stages of infection but may

gradually decrease or disappear afterward. Perforinwasmainly detected in

C14_terminal effector CD8+ - 2 in the nAb+ group, suggesting that this

subset exhibited stronger cytotoxicity and could effectively eliminate virus-

infected cells, providing immune protection (22). Different intracellular

cytokines and negative regulators’ expression patterns in the four SARS-

CoV-2-reactive T cells between the nAb+ and nAb- groups suggest that T

cells in the nAb+ group have stronger killing andmemory capabilities and

can effectively clear the virus, while T cells in the nAb- group exhibit

stronger inflammation and suppression, possibly due to excessive

activation and inflammatory responses of T cells.

This study has several limitations that should be considered.

First, the relatively small number of LTRs may have limited the

robustness of the conclusions. Second, we did not recruit healthy

volunteers with similar infectious conditions for this study. In a

separate study, LTRs and healthy donors with positive nAb showed

a similar immune response after receiving two doses of vaccination

(6). Future studies will examine different infectious patterns, such as

infection only, vaccination after infection, and infection after

different vaccination strategies, to better understand immune

memory in LTRs. Despite these limitations, our study

demonstrates that convalescent LTRs with different immune

memory patterns induced by SARS-CoV-2 exhibit distinct T cell

responses, particularly those with negative nAb, who showed milder

cellular responses and stronger exhaustion status. This highlights

the need to pay more attention to the immune status of nAb-

convalescent LTRs facing new variants of SARS-CoV-2 and to

implement effective protective strategies in a timely manner.
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