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Andrea Torices-Pajares2, Laura Miguel-Berenguel1,
Keren Reche-Yebra2, Esteban Frauca-Remacha4,5,6,
Loreto Hierro-Llanillo4,5,6, Gema Muñoz-Bartolo4,5,6,
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Background: Epstein-Barr virus (EBV) specific T-cell response measurement can

help adjust immunosuppression in transplant patients with persistent infections.

We aim to define T-cell responses against EBV in a cohort of pediatric liver-

transplant patients.

Methods: Thirty-eight immunosuppressed pediatric liver-transplant patients (IP)

and 25 EBV-seropositive healthy-adult controls (HC) were included in our cross-

sectional study. Based on their EBV serological (S) and viral load (VL) status,

patients were categorized into IP-SNEG, IP-SPOSVLNEG and IP-SPOSVLPOS groups.

T-cell response was assessed at two timepoints by stimulating cells with EBV

peptides (PepTivator
®
) and performing intracellular-cytokine and activation-

induced marker staining. Background subtraction was used to determine EBV-

specific T-lymphocyte frequency.

Results: Polyfunctional CD8+ T cells indicated previous EBV contact (IP-SNEG

0.00% vs IP-SPOS 0.04% and HC 0.02%; p=0.001 and p=0.01, respectively).

Polyfunctional CD8+CD107a+IFNɣ+IL2-TNFa- profile was increased in

serology-positive (IP-SNEG 0.01% vs IP-SPOS 0.13% and HC 0.03%; p=0.01 and

p=0.50, respectively) and viral-load positive (IP-SPOSVLPOS 0.43% vs IP-SPOSVLNEG

0.07% and HC 0.03%; p=0.03 and p=0.001, respectively) patients. Central-

memory cells were increased among serology-positive adults (IP-SNEG 0.00% vs

IP-SPOS 0.13% and HC 4.33%; p=0.58 and p=0.002, respectively). At the second

timepoint, IP-SNEG patients remained negative (first visit 0.01% vs second visit

0.00%, p=0.44). On the other hand, IP-SPOSVLPOS patients had cleared viral loads
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and, subsequently, decreased polyfunctional CD8+CD107a+IFNɣ+IL2-TNFa- cells
(first visit 0.43% vs second visit 0.10%, p=0.81).

Conclusion: Polyfunctional CD8+ EBV-specific T-cell response allows detecting

EBV previous contact in liver-transplant children. %CD8+CD107a+IFNɣ+IL2-
TNFa- is increased in patients with positive viral loads. Central memory CD4+

T-cell population more effectively determines prior EBV-exposure in adults.
KEYWORDS

liver transplantation, Epstein-Barr virus infections, cellular immunity, flow cytometry,
cytokines, surface antigens
1 Introduction

The progressive improvement of immunosuppressive treatments

to prevent graft rejection over the past few decades has contributed to

the remarkable improvement in overall graft survival in children

receiving liver transplants (1, 2). However, because of this effective

immunosuppressive treatment, graft recipients experience a

secondary state immunodeficiency, that renders them highly

susceptible to infections (3, 4) and malignancies (5).

Most humans are infected with Epstein-Barr virus (EBV), which

primarily targets epithelial and B cells, leading to both lytic and

latent infections (6). Although EBV has oncogenic potential, it is

usually controlled by the immune response. Adults are generally

more competent in managing EBV than children, due to a more

mature immune system and prior exposure to the virus.

However, in immunosuppressed recipients, EBV reactivation can

lead to post-transplant lymphoproliferative disorder (PTLD) (1, 7), a

condition characterized by uncontrolled proliferation of EBV-

infected cells (8). In liver transplantation, the incidence of PTLD is

remarkably higher in pediatric patients (6.3-15.0%) than adults (1.2-

2.8%) (9, 10), partially due to their immunologically naïve status for

the virus pre-transplantation (seroprevalence in children is

approximately 50% vs. 90% in adults) (11) and the incidence of

EBV primary infection under immunosuppression (12). In fact,

several studies have reported that pre-transplant EBV-seronegative

pediatric liver recipients are at higher risk (hazard ratio 12-18) (13) of

developing PTLD (14–16).

The Healthcare Working Group of the European Reference

Network on Pediatric Transplantation (ERN TransplantChild) has

recently published the results of a cross-sectional survey evaluating

PTLD strategies for diagnosis and treatment across several pediatric

solid organ transplantation programs, from 9 different European

countries (17). Over the 2012-2016 period, 1471 pediatric liver

transplants were performed and 115 (7.8%) PTLD cases were

diagnosed. PTLD preemptive strategies varied across different

programs, but all of them included EBV DNA-load measurement

by quantitative polymerase chain reaction (qPCR) as the main

subrogated biomarker for EBV-specific immunity.
02
Although EBV-load informative capacity appears to be widely

integrated into daily clinical practice, its interpretation for PTLD

diagnosis and surveillance is still controversial (18). Actually, no

specific EBV viremia cutoff value has been defined to initiate

preemptive treatment of PTLD (17). Regarding pediatric liver

recipients, the association between high viral load and risk of PTLD

development seems to be very poor (19), highlighting the necessity of

new biomarkers.

Several techniques have been previously validated in different

transplantation settings to estimate T-cell EBV response, being the most

standardize one the detection of interferon gamma (IFNɣ) by either

enzyme-linked immunospot (ELISpot) (20–23) or enzyme-linked

immunosorbent (ELISA)-based (QuantiFERON®) assays (24–29).

Other promising techniques involve the identification by flow cytometry

of antigen-specific cells using mayor histocompatibility complex class I

and class II multimers (23, 30–32), intracellular cytokine staining (ICS)

(30, 31, 33–42) or activation-induced marker staining (AIMS) (43, 44).

Research on the T-cell compartment against EBV in pediatric

liver recipients is scarce and primarily utilizes ELISpot and tetramer

assays. There seems to be a correlation between immunosuppression

doses and frequency of EBV-specific cells by ELISpot (45–47). Similar

results were reported prospectively, measuring cellular response by

tetramers (46). Nevertheless, neither tetramers nor dextramers are

apparently effective in discriminating transplanted patients according

to EBV viral load (32, 48).

Ning et al. used ICS to measure specific T-cell response in two

pediatric liver recipients with detectable viral loads and diagnosis of

PTLD. Those patients presented a reduction in T-cell polyfunctionality,

with an increment in the expression ofCD107a and tumor necrosis factor

alpha (TNFa) (49). Another study, examining 20 pediatric-transplanted

patients (7 liver-graft recipients), presentedfindings onT-cell response by

ICS. Authors reported a significant increment in EBV-specific T cells in

PTLD patients during rituximab treatment, which correlated with a

reduction in viral load and subsequent control of EBV by T-cell

responses following B-cell recovery (50). To our knowledge, the use of

AIMS in this field has never been reported, although OX40 (CD134) has

beenpreviously defined as a potential biomarker ofT-cell activation status

in various types of transplants (51, 52).
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The aim of this cross-sectional study is to characterize the

specific helper and cytotoxic T-cell response to EBV in a cohort of

pediatric liver recipients by both ICS and AIMS flow-cytometry

methods, and compare it with a cohort of EBV-seropositive healthy

adult controls (HC). Furthermore, we aim to identify cellular

profiles that allow the discrimination of liver recipients according

to both their EBV serological and viral-load status. We hypothesize

that pediatric liver recipients controlling EBV will exhibit higher

percentages of EBV-specific T cells compared to non-controllers,

while also displaying specific cellular profiles.
2 Materials and methods

2.1 Patients and samples

Our cross-sectional study included 38 immunosuppressed

pediatric patients (IP) at University Hospital La Paz, who received

a liver graft between March 2018 and November 2022, and 25 EBV

seropositive HC. All patients gave informed consent, approved by the

ethics committee of our institution (reference PI-4000).

Demographic and clinically relevant information from each

patient were collected (Table 1). PTLD diagnosis was based on

histopathologic criteria. Transplant indication was categorized in

five groups (Table 1) (53).

Specific T-cell response against EBV was assessed at two

different timepoints, determined by patient availability (median

time 3.7 months interquartile range [IQR] 3.2-4.9 between visits).

EBV serology and viral load were measured in parallel with each

immune response assessment for every patient.

Based on their serological status at the first visit, patients were

categorized into EBV seronegative (IP-SNEG) and EBV seropositive

(IP-SPOS) individuals; the latter group was further classified

according to EBV viral load into negative (IP-SPOSVLNEG) and

positive (IP-SPOSVLPOS). At the time of the second visit, patients

were reclassified based on their updated serological and viral load

status at that time. Due to sample exclusions for technical reasons,

the immune response was not measured in all samples. ICS was

performed to 38/38 (100%) and 28/38 (74%) patients at first and

second visit, respectively. AIMS was performed to 27/38 (71%) and

29/38 (76%) patients at first and second visit, respectively, although

results for both timepoints were available for only 21 individuals.

Among HC participants, ICS and AIMS were successfully

performed to 24/25 (96%) and 20/25 (84%) samples, respectively.

Heparinized blood samples from all individuals were collected

to isolate peripheral blood mononuclear cells (PBMCs) by

density gradient.
2.2 Intracellular cytokine staining

Analysis of specific T-cell response to EBV by ICS was assessed

as described by Lovelace and Maecker (54). Details of the method

are provided in the Supplementary Material.

T-cell responses were further categorized as monofunctional,

when only one response marker was displayed (CD107a, IFNɣ,
Frontiers in Immunology 03
Interleukin 2 [IL2] or TNFa), and polyfunctional, when more than

one response marker was expressed. Integrated median fluorescence

intensity (iMFI) was calculated for each response marker,

multiplying MFI by the frequency of the corresponding

specific population.

Unstimulated PBMCs background was subtracted from all test

samples to obtain the frequency of EBV-specific T lymphocytes.

Gating strategy is displayed in Supplementary Figure S1A.

2.3 Activation-induced cell marker staining

Analysis of AIMS was performed by flow cytometry. Details of

the method are provided in the Supplementary Material.

CD4+ T lymphocytes were distributed in naïve (Tn, CD27+

CD45RO-), effector (Teff, CD27-CD45RO-), central memory (Tcm,

CD27+CD45RO+) and effector memory (Tem, CD27-CD45RO+)

subpopulations. Memory compartment was calculated by the sum

of Tcm and Tem subpopulations.

Unstimulated PBMCs background was subtracted from all test

samples to obtain the frequency of EBV-specific T lymphocytes.

Gating strategy is displayed in Supplementary Figure S1B.

2.4 Immunophenotype analysis

Immunophenotype of T, B, natural killer (NK) and natural

killer T (NKT) lymphocytes was performed by multiparametric

flow cytometry. Details of the method are provided in the

Supplementary Material.

2.5 EBV viral load measurement

EBV viral loads were quantified in whole blood by a specific

qPCR assay following manufacturer’s instructions (RealStar® EBV

PCR-Kit 1.0, Altona). Results were informed in International Units

per milliliter (IU/mL). The negative group for viral load comprised

exclusively patients with zero IU/mL.

2.6 EBV serology

EBV serological status was determined by a chemiluminescent

microparticle immunoassay. Presence of IgM antibodies against

viral capsid antigen (VCA) and/or IgG antibodies against VCA and

nuclear antigen (EBNA) were measured following manufacturer’s

instructions (Abbott, Germany). EBV seropositive status was

defined by the positivity of at least one of the analyzed antibodies.
2.7 Statistics

Descriptive data are presented as median with IQR. Categorical

data are presented as absolute number and proportion (%). The

software package Prism 8 (GraphPad, USA) was used for statistical

analysis. Significance of differences comparing frequencies was

determined by Pearson c2-test and by t test or analysis of variance

(Mann Whitney or Kruskal-Wallis tests) when comparing median

values. Median frequencies between timepoints were compared by
frontiersin.org
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TABLE 1 Epidemiologic and clinical features in EBV-seropositive adult healthy controls (HC) and immunosuppressed pediatric liver-transplanted patients, categorized as positive/negative serology status (IP-SPOS

and IP-SNEG, respectively) or positive/negative viral load status (IP-SPOSVLPOS and IP-SPOSVLNEG, respectively).

IP-SPOSVLPOS

(n=8)
IP-SPOSVLNEG

(n=24)
P-value

0.07

7 (68) 2 (25) 11 (46)

8 (32) 6 (75) 13 (54)

41-62) 3 (2-4) 5 (4-9) <0.001

0.34

1 (13) 7 (29)

5 (63) 8 (33)

30 (26-31) 27 (16-34)

0.52

3 (38) 7 (29)

1 (13) 8 (33)

4 (50) 9 (38)

>0.99

7 (88) 18 (75)

1 (13) 2 (25)

0.31

6 (75) 13 (54)

0 (0) 7 (29)

1 (13) 1 (4)

1 (13) 1 (4)

0 (0) 2 (8)

0 (0) 0 (0)

32 (12-36) 44 (35-47) 0.002

0.70

2 (25) 3 (13)

0 (0) 2 (8)
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Characteristics
HC

(n=25)
IP-SPOS

(n=32)
IP-SNEG

(n=6)
P-value

HC
(n=25

Sex, n (%) 0.10

Male 17 (68) 13 (41) 4 (67)

Female 8 (32) 19 (59) 2 (33)

Age, years (IQR) 54 (41-62) 5 (3-9) 5 (3-6) <0.001 54

Donor sex, n (%) 0.62

Male 8 (25) 3 (50)

Female 13 (41) 2 (33)

Donor age, years (IQR) 28 (19-34) 27 (15-38)

Type of donor, n (%) 0.25

Living donor 10 (31) 4 (67)

Deceased donor - whole graft 9 (28) 1 (17)

Deceased donor - split graft 13 (41) 1 (17)

ABO compatibility, n (%) >0.99

Compatible 25 (78) 6 (100)

Incompatible 3 (9) 0 (0)

Indication for transplantation, n (%) 0.23

Cholestasis/biliary atresia 19 (59) 3 (50)

Metabolic diseases 7 (22) 2 (33)

Cirrhosis (other) 2 (6) 0 (0)

Severe acute liver failure 2 (6) 0 (0)

Liver tumours 2 (6) 0 (0)

Metabolic diseases and liver tumours 0 (0) 1 (17)

Time since transplantation, months (IQR) 40 (31-47) 48 (26-53) 0.47

Immunosuppressive treatment, n (%) 0.47

CE 5 (16) 0 (0)

TAC 2 (6) 0 (0)
)
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TABLE 1 Continued

POS NEG

P-value
HC

(n=25)
IP-SPOSVLPOS

(n=8)
IP-SPOSVLNEG

(n=24)
P-value

5 (63) 17 (71)

1 (13) 2 (88)

0.07 4.1 (3.3-6.5) 3.3 (2.4-4.4) 0.18

0.03 0.65

4 (50) 10 (42)

2 (25) 11 (46)

0.66 >0.99

4 (50) 11 (46)

3 (38) 11 (46)

0.57 2(25) 3(13) 0.58

NA 8 (6-10) 133 (84-311) 0.20

0.24 2.7 (2.2-3.3) 3.0 (2.4-4.7) 0.48

0.20 74 (69-76) 83 (75-87) 0.11

0.55 46 (34-55) 43 (39-56) >0.99

0.41 18 (14-28) 24 (20-36) 0.20

0.55 15 (7-20) 7 (5-9) 0.11

0.13 13 (8-17) 7 (5-16) 0.33

0.20 0.8 (0.5-2.5) 0.7 (0.6-1.8) 0.80

e mofetil; NA, not applicable; NK, natural killer; NKT, natural killer T; PTLD, post-transplant lymphoproliferative disorder; TAC,
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Characteristics
HC

(n=25)
IP-S
(n=32)

IP-S
(n=6)

CE+TAC 22 (69) 6 (100)

CE+TAC+MMF 3 (9) 0 (0)

TAC blood levels, ng/ml (IQR) 3.4 (2.7-4.5) 4.4 (3.8-6.7)

EVB-serology pre-transplantation, n (%)

Positive 14 (56) 0 (0)

Negative 13 (52) 6 (100)

CMV-serology pre-transplantation, n (%)

Positive 15 (47) 2 (33)

Negative 14 (44) 4 (67)

PTLD diagnosis, n (%) 5 (16) 0 (0)

Time since diagnosis of PTLD, days (IQR) 35 (12-133) NA

Lymphocyte number x103, cells/µL (IQR) 3.0 (2.4-3.9) 4.0 (2.9-4.3)

Immune phenotype, % (IQR)

CD3+ T lymphocytes 78 (72-85) 72 (65-76)

CD4+ T lymphocytes 45 (38-55) 42 (37-49)

CD8+ T lymphocytes 22 (17-30) 21 (12-29)

B lymphocytes 8 (6-14) 11 (8-14)

NK lymphocytes 10 (6-16) 19 (10-23)

NKT lymphocytes 0.7 (0.6-1.8) 0.6 (0.5-0.9)

CE, corticosteroids; CMV, Cytomegalovirus; EVB, Epstein-Barr virus; HC, healthy controls; IQR, interquartile range; MMF, mycophenola
tacrolimus.
Statistically significant p-values are indicated in bold.
t
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Wilcoxon signed-rank test. Correlation between ICS and AIMS

results was assessed by linear regression. P-values under 0.05 were

considered significant.

3 Results

3.1 Demographic and
clinical characteristics

A first classification of our cohort (n=38) was performed

according to EBV serological status: IP-SNEG (6/38, 16%) and IP-

SPOS (32/38, 84%). A second distribution of EBV-seropositive

patients (n=32) was made according to EBV viral loads: IP-

SPOSVLPOS (8/32, 25%) and IP-SPOSVLNEG (24/32, 75%).

First analysis of our cohort (Table1) showedstatistically significant

differences when comparing age (HC adults vs. IP) and EBV-serology

pre-transplantation (seropositive vs. seronegative). Interestingly, 52%

of post-transplant EBV seropositive patients were negative pre-

transplantation. When time since transplantation was analyzed, we

observed that IP with positive EBV viral loads had beenmore recently

transplanted (IP-SPOSVLPOS 32 months IQR 12-36 vs. IP-SPOSVLNEG

44 months IQR 35-47, p=0.002). Percentages of T, B and NK

subpopulations were similar among groups (Table 1).
3.2 EBV-specific T-cell response by
intracellular cytokine staining

At first visit, EBV-specific%CD3+T cells by ICSwas higher inHC

than IP groups (IP-SNEG 0.03% vs. IP-SPOS 0.04% and HC 0.06%;

p=0.41 and p=0.24, respectively), but differences did not reach

statistical signification. Nonetheless, all three groups showed similar

positive-control stimulation (IP-SNEG 0.75%, IP-SPOS 0.79% and HC

0.45%; p=0.08), indicating that cellular response in vitro was not

impaired by immunosuppression. Positive-control responses

remained comparable when dividing mono/polyfunctional CD4+

and CD8+ T-cell subpopulations (data not shown).

However, when splitting EBV-specific response between T-cell

subpopulations (Figure 1A), statistically significant differences were

observed. Median frequency of monofunctional CD4+ and CD8+ T

cells was higher than polyfunctional cells in all groups (Figure 1A).

Interestingly, although monofunctional responses were detected in

higher frequencies, only polyfunctional CD8+ T cells significantly

discriminated EBV seronegative patients from seropositive HC and

IP groups (IP-SNEG 0.00% vs. IP-SPOS 0.04% and HC 0.02%; p=0.01

and p<0.001, respectively; Figure 1A).

For a more detailed analysis, the different EBV-specific CD8+ T-

cell profiles were analyzed (Figures 1B, C). Three different CD8+

polyfunctional profiles differentiated seronegative recipients from

both HC and IP seropositive individuals: CD8+CD107a+IFNɣ+
IL2+TNFɑ+, CD8+CD107a+IFNɣ+IL2-TNFɑ+ and CD8+CD107a-

IFNɣ+IL2-TNFɑ+ (Figure 1B). Furthermore, seropositive IP had

higher frequencies of EBV-specific CD8+ polyfunctional cells than

seronegative IP in two other subsets: CD8+CD107a+IFNɣ+IL2-
TNFɑ- and CD8+CD107a+IFNɣ-IL2-TNFɑ+. The profile CD8

+CD107a+IFNɣ+IL2-TNFɑ- was the most frequent one (0.13%).
Frontiers in Immunology 06
Precisely, this CD8+CD107a+IFNɣ+IL2-TNFɑ- subset

significantly discriminated patients with positive viral loads from the

rest of individuals (IP-SPOSVLPOS 0.43% vs. IP-SPOSVLNEG 0.07% and

HC 0.03%; p=0.03 and p=0.001, respectively; Figure 1C). IP-

SPOSVLPOS patients also showed higher %CD8+CD107a+IFNɣ-IL2+
TNFɑ- compared to HC, but not to IP-SPOSVLNEG group (Figure 1C).

Remarkably, polyfunctional response was more intense than

monofunctional response in seropositive individuals (Supplementary

Table S1). All three cytokine markers IFNɣ, IL2 and TNFɑ had

significantly higher iMFI values in polyfunctional response, both in

CD4+ and CD8+ T cells, whereas CD107a only showed higher

intensity in polyfunctional CD8+ T cells (Supplementary Table S1). In

line with our previous results, CD8+ polyfunctional subpopulation

allowed discriminating seropositive from seronegative status,

according to iMFI from all four response markers (Table 2). However,

regarding EBVviral load, only total (mono and polyfunctional) CD107a

iMFI on CD8+ T cells significantly differentiated IP with positive viral

loads from the other groups (IP-SPOSVLPOS 123,398 vs. IP-SPOSVLNEG

20,708 and HC 21,207; p=0.03 and p=0.01, respectively).

To simplify cytometry panels, we studied whether CD8+ T cells

expressing only CD107a and IFNɣ markers could be distinctive,

regardless of other cytokines. As expected, %CD8+CD107a+IFNɣ+
T cells were significantly higher among seropositive individuals

compared to seronegative IP (IP-SNEG 0.02% vs. IP-SPOS 0.37% and

HC 0.12%; p=0.002 and p=0.04, respectively). However,

considering EBV viral load, although the frequency of specific

cells was also increased within positive IP group, differences

were significant compared to controls, but not to negative

patients (IP-SPOSVLPOS 0.70% vs. IP-SPOSVLNEG 0.19% and HC

0.12%; p=0.10 and p=0.03, respectively).

Finally, we explored whether CD3+IFNɣ+ T cells, the main

population targeted by other methods, allowed discrimination of

serology and/or viral-load status. While frequency of CD3+IFNɣ+ T

cellswas insufficient for serologydiscrimination (IP-SNEG0.10%vs. IP-

SPOS 0.31% andHC0.12%; p=0.31 and p>0.99, respectively), iMFI was

significantly higher in seropositive than seronegative individuals (IP-

SNEG 182 vs. IP-SPOS 3,628 and HC 1,380; p=0.003 and p=0.01,

respectively). When comparing viral-load status no statistically

differences were reached either with CD3+IFNɣ+ frequency (IP-

SPOSVLPOS 0.37% vs. IP-SPOSVLNEG 0.24% and HC 0.12%; p>0.99

and p=0.40, respectively) or iMFI (IP-SPOSVLPOS 3,834 vs. IP-

SPOSVLNEG 2,809 and HC 1,380; p=0.62 and p=0.82, respectively).
3.3 EBV-specific T cell response by
activation-induced cell marker staining

At first visit, differences were found in EBV-specific T-cell

frequencies by AIMS between HC and IP groups (Figures 2A, B). As

expected, CD4+ Tn EBV-specific subset was the lowest within each

group, compared to Teff and memory compartment (Figures 2A, B).

On the other hand, seropositive groups (Figure 2A) had higher

frequency of EBV-specific memory compartment than Teff cells (IP-

SPOS memory compartment 0.99% vs. Teff 0.04%, p=0.12; HCmemory

compartment 8.24% vs. Teff 0.37%, p<0.001), although differences were

statistically significant only within HC group. Interestingly,
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FIGURE 1

Specific T-cell response to Epstein-Barr virus (EBV) performed by intracellular cytokine staining of CD107a, IFNɣ, IL2 and TNFɑ markers in EBV
seropositive healthy adult controls (HC) and immunosuppressed pediatric liver recipients (IP). (A) Median frequency of EBV-specific monofunctional
(one response marker) or polyfunctional (more than one response markers) CD4+ and CD8+ T cells in HC and IP groups, the last one categorized
according to their positive/negative serological status (IP-SPOS and IP-SNEG, respectively). (B) Median frequency of EBV-specific polyfunctional CD8+
T-cell subpopulations according to the different response markers in HC, IP-SPOS and IP-SNEG groups. (C) Median frequency of EBV-specific
polyfunctional CD8+ T-cell subpopulations in HC and IP-SPOS groups, the last one segregated according to their positive/negative EBV viral-load
status (IP-SPOSVLPOS and IP-SPOSVLNEG, respectively). The same HC group was used as the control group in panels (A–C). Significance levels are
denoted as *p-value<0.05, **p-value<0.01 and ***p-value<0.001.
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seronegative IP showed higher frequencies of Teff than memory EBV-

specific cells (memory compartment 0.00% vs. Teff 0.25%, p=0.14),

although differences did not reach statistical signification.

Compared to IP seronegative group, percentages of EBV-

specific cells were higher in HC group for Tn (0.14% vs. IP-SNEG

0.00%, p=0.03), Tem (4.31% vs. IP-SNEG 0.00%, p=0.01) and Tcm
Frontiers in Immunology 08
(4.33% vs. IP-SNEG 0.00%, p=0.002) subpopulations (Figure 2A).

However, comparing frequencies between seropositive and

seronegative IP did not yield any statistically significant

differences. Again, positive-control stimulation in CD4+ T cells

was comparable by AIMS (IP-SNEG 24.52%, IP-SPOS 32.67% and

HC 26.42%; p=0.62).
TABLE 2 Median of the integrated median fluorescence intensity (iMFI) for each marker (CD107a, IFNɣ, IL2 or TNFa) in both polyfunctional CD4+ and
CD8+ T cells in EBV-seropositive adult healthy controls (HC) and immunosuppressed pediatric liver-transplanted patients, categorized as positive/
negative serology status (IP-SPOS and IP-SNEG, respectively) or positive/negative viral load status (IP-SPOSVLPOS and IP-SPOSVLNEG, respectively).

iMFI
HC

(n=24)
IP-SPOS

(n=32)
IP-SNEG

(n=6)
P-value

HC
(n=24)

IP-SPOSVLPOS

(n=8)
IP-SPOSVLNEG

(n=24)
P-value

T-cell subset Parameter

Polyfunctional
CD4+ T cells

CD107a+ 1,060 1,813 2,588 0.43 1,060 2,651 1,813 0.35

IFNɣ+ 475 179 49 0.07 475 181 179 0.13

IL2+ 122 93 237 0.69 122 95 93 0.93

TNFa+ 1,248 1,422 1,838 0.84 1,248 1,705 1422 0.85

Polyfunctional
CD8+ T cells

CD107a+ 17,538 42,771 373 0.002 17,538 105,001 18,628 0.03

IFNɣ+ 3,366 7,714 36 0.002 3,366 10,042 5,228 0.34

IL2+ 377 424 0 0.001 377 329 488 1.00

TNFa+ 7,370 8,307 0 0.001 7,370 11,509 7,391 0.86
Statistically significant p-values are indicated in bold.
FIGURE 2

Specific T-cell response to Epstein-Barr virus (EBV) performed by activation-induced marker staining (CD4+CD25+CD134+) in EBV seropositive
healthy adult controls (HC) and immunosuppressed pediatric liver recipients (IP). (A) Median frequency of EBV-specific CD4+CD25+CD134+ T cells
in HC and IP groups, the last one categorized according to their positive/negative serological status (IP-SPOS and IP-SNEG, respectively). (B) Median
frequency of EBV-specific CD4+CD25+CD134+ cells in HC and IP-SPOS groups, the last one segregated according to positive/negative EBV viral-
load status (IP-SPOSVLPOS and IP-SPOSVLNEG, respectively). The same HC group was used as the control group in both panels (A, B). Significance
levels are denoted as *p-value<0.05, **p-value<0.01 and ***p-value<0.001.
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Cuesta-Martı́n de la Cámara et al. 10.3389/fimmu.2024.1479472
We next studied seropositive IP grouped by viral-load status

(Figure 2B) and observed that %CD4+ Tcm cells was significantly

higher in HC than seropositive IP with detectable EBV (IP-

SPOSVLPOS Tcm 0.13% vs. HC Tcm 4.32%, p=0.02). Interestingly,

median %CD4+ Tem cells in seropositive IP-SPOSVLPOS was higher

than in IP-SPOSVLNEG (0.90% vs. 0.34%, respectively; p>0.99),

although no significant differences were found.

Finally, we further investigated the potential correlation between

the parameters defined by ICS (%CD8+CD107a+IFNɣ+IL2-TNFɑ-)
and AIMS (%CD4+CD134+CD25+ Tcm), which effectively

distinguished positive from negative individuals. We noted that those

parameters exhibited no correlation (data not shown), likely due to the

comparison involving distinct T-cell subpopulations. Thus, a potential

correlation between EBV-specific CD4+ T cells by ICS (% and iMFI

CD4+INFɣ) and AIMS (%CD4+CD134+CD25+ Tcm) techniques was

next sought, although we did not observe any correlation, by either

frequency or iMFI (data not shown). However, within HC group, after

excluding the data from one individual lacking EBV-specific CD4+

CD134+CD25+memory T cells, a significant correlation between iMFI

CD4+INFɣ by ICS and %CD4+CD134+CD25+ by AIMS (r2 = 0.24

and p=0.04, Figure 3) was found.

3.4 EBV-specific T cell response at two
different timepoints

EBV-specific response was measured on a second visit by both

techniques. Serological and viral-load status was re-evaluated and

patients were reclassified accordingly. Tacrolimus blood levels

remained similar at first and second timepoints in all three groups

(data not shown).

At the second timepoint, identical results to those reported at

the first visit were found when comparing frequencies of
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EBV-specific cells detected by ICS and AIMS. We confirmed that

only polyfunctional CD8+ specific T cells significantly

discriminated EBV seronegative patients from seropositive

individuals (IP-SNEG 0.00% vs. IP-SPOS 0.03% and HC 0.02%;

p=0.01 and p=0.02, respectively). Likewise, %EBV-specific cells

from HC were higher than those detected in seronegative patients

for Tn (0.14% vs. 0.01%, p=0.05), Tem (4.31% vs. 0.00%, p=0.01)

and Tcm (4.33% vs. 0.00%, p=0.003) subpopulations.

Regarding IP-SPOSVLPOS group, all recipients with detectable EBV

at first timepoint cleared viral loads at the second visit (median time 3.5

months IQR 2.2-5.3 between timepoints). Consequently, median %

CD8+CD107a+IFNɣ+IL2-TNFɑ- (first visit 0.26% vs. second visit

0.10%, p=0.81; Figure 4A) and %CD4+CD25+CD134+ Tcm cells

(first visit 0.39% vs. second visit 0.14%, p=0.88; Figure 4B) decreased

at the second timepoint, although no significant differences were found.

On the other hand, only two IP-SPOSVLNEG patients at first

timepoint had detectable EBV at the second visit (black arrows in

Figures 4C, D) (median time 3.7 months IQR 3.3-4.8 between

timepoints). Interestingly, significant differences were found by ICS

(first visit 0.08% vs. second visit 0.06%, p=0.04; Figure 4C), but not by

AIMS (first visit 0.00% vs. second visit 0.76%, p=0.31; Figure 4D).

Frequency of CD8+CD107a+IFNɣ+IL2-TNFɑ- cells decreased or

remained similar for all patients, except for the individual who tested

positive for EBV at the second visit, whose frequency increased from

0.06% to 0.09% (black arrow in Figure 4C). This patient’s frequency of

specific CD4+CD25+CD134+ Tcm cells also increased from 0.00% to

1.06% (black arrow in Figure 4D). Nevertheless, that variation in the

specific response by AIMS was not observed in the other patient who

tested positive for viral load at the second timepoint (black arrow in

Figure 4D). One IP-SPOSVLNEG patient had his immunosuppression

regimen changed between visits, incorporating mycophenolate to his

treatment with corticosteroids and tacrolimus. Interestingly, frequency
FIGURE 3

Linear regression analysis between integrated median fluorescence intensity (iMFI) of Epstein-Barr virus (EBV)-specific CD4+IFNɣ+ T cells measured
by intracellular cytokine staining and EBV-specific CD4+CD25+CD134+ central memory T (Tcm) cells measured by activation-induced
marker staining.
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FIGURE 4

Frequency of Epstein-Barr virus (EBV)-specific CD8+CD107a+IFNɣ+IL2-TNFɑ- T cells (A, C, E) and CD4+CD25+CD134+ central memory T (Tcm)
cells (B, D, F) measured at two different timepoints (1st and 2nd visit) in immunosuppressed pediatric liver recipients (IP). Patients were classified at
their first visit according to their positive/negative EBV serological and viral-load status: IP-SPOSVLPOS (A, B), IP-SPOSVLNEG (C, D) and IP-SNEG

(E, F) groups. At the second visit, their updated serological and viral-load status is represented by rhomboid, circular or square markers, respectively.
Changes in their classification at second visit are marked with a black arrow. Patients that suffered changes in his immunosuppression regimen at
second visit are marked with a white arrow. Significance levels are denoted as *p-value<0.05, **p-value<0.01 and ***p-value<0.001.
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of EBV-specific T cells by ICS decreased from 0.44% to 0.25%, while

frequency of CD4+CD25+CD134+ Tcm cells remained at 0.00%

(white arrows in Figures 4C, D).

Finally, all seronegative patients (Figures 4E, F) kept their negative

serological status at the second visit (median time of 3.9 months IQR

3.6-4.0 between timepoints). Consequently, no differences in EBV-

specific response were found, either by ICS (0.01% vs. 0.00%, p=0.44;

Figure 4E) or AIMS (0.00% vs. 0.00%, p>0.99; Figure 4F).
4 Discussion

In our study, we have first explored EBV-specific T-cell

response combining ICS and AIMS techniques in a cohort of

pediatric liver transplanted recipients. We found significant

differences in polyfunctional CD8+ T-cell response between EBV-

seronegative and seropositive individuals, and among patients with

positive and negative viral loads.

Firstly, we found higher percentages of monofunctional than

polyfunctional EBV-specific T cells. This could be attributed to cross-

reactivity resulting from heterologous immunity (55), although

recent studies state that it is less generalized than previously

reported (56). Since we have also confirmed that monofunctional

responses showed lower iMFI (49), we can attribute this result to a

potential unspecific bystander activation in vitro. The presence of

monofunctional EBV-specific cells among seronegative patients

provides additional support for that hypothesis.

The predominance of CD8+ over CD4+ T-cell responses in

controlling EBV infection is well documented (49, 57). Although

both CD4+ and CD8+ T cells show polyfunctional responses after

primary infection, only the CD8+ polyfunctional subset increases over

time (58). Accordingly, we observe that polyfunctional CD8+ T cells

are significantly increased in seropositive individuals (Figure 1B).

Remarkably, we expected a reduction in the frequency of this

population in patients with detectable viral loads, in concordance

with Ning et al., who demonstrated this in two pediatric liver

recipients with PTLD (49). Conversely, IP-SPOSVLPOS in our cohort

showed high %CD8+ EBV-specific cells (Figure 1C), including 2

patients who were studied at the time of PTLD diagnosis.

The increment of CD8+CD107a+IFNɣ+IL2-TNFɑ- in recipients

with detectable EBV viral loads reflects the critical role of cytotoxicity,

as indicated by CD107a, and the antiviral function of IFNɣ in the

response against EBV. Frequent EBV reactivation might inflate this cell

compartment, exhausting and rendering cells dysfunctional, thus

requiring larger numbers to control the virus (59). Previously

suggested explanation for pediatric graft recipients carrying

chronically high EBV loads involves an exhausted phenotype (23).

We did not include exhaustion markers in our study, but we consider

that they would be useful to better describe viral responses in future

investigations. Other protocols, such as expanding T cells in the

presence of EBV peptides for 7-10 days before analysis (60), could

also be applied. However, we chose shorter incubation times (54), as

this approach was more compatible with the workflow of our

routine laboratory.

We further evaluated CD107a combined with IFNɣ, as exclusive
response markers to distinguish patients with positive viral loads.
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While %CD8+CD107a+IFNɣ+ helped in serostatus discrimination,

it did not show significant differences in EBV viral loads, likely due

to our limited sample size. Similar results were reported byWilsdorf

et al., who measured intracellular IFNɣ after EBV-peptide stimulus

in pediatric transplanted patients with PTLD (4/16 liver-graft

recipients) or positive viral-loads (3/4 liver-graft recipients) and

18 HC. Median %CD4+IFNɣ+ and %CD8+IFNɣ+ was higher in

recipients with EBV reactivation, yet they did not find significant

differences either (50).

In our cohort, %CD3+IFNɣ+ cells do not differentiate seropositive

from seronegative patients, contrary to prior studies using ELISpot

(47). Instead, we found that the intensity of IFNɣ response in CD3+ T

cells effectively differentiated these two groups. While no equivalent

parameter to iMFI has been described in ELISpot assays, mean spot

size could be comparable (61). Our findings may be influenced by the

constraints of our sample size, but conducting additional studies to

explore iMFI further would be valuable.

On the other hand, the use of AIMS to measure specific viral

response is not extended, although it has been validated in HC for

Varicella-Zoster Virus, Cytomegalovirus, EBV (44) and Hepatitis C

(43). Regarding EBV, it seems feasible to distinguish seronegative

from seropositive individuals measuring %CD4+CD134+CD25+

specific-cells (44). We confirmed these findings by examining Tcm

and Tem CD4+ subsets, consistent with the predominant memory

CD4+ response to EBV (62). Interestingly, we detected specific CD4+

Teff cells in seronegative individuals, probably reflecting antigen

exposure in some patients (63), although we cannot exclude

unspecific activation, since percentages were similar among groups.

The increase of EBV-specific CD4+ Tn in HC (Figure 1A) has been

previously reported as a genuine memory population transitioning to

express naïve surface markers (62). This stem memory T-cell

population (CCR7+CD27+CD45RO-) shares some features with

Tn and requires staining with specific markers (CD95) for proper

selection (64). These cells emerge rapidly post-antigen exposure,

transitioning into effector cells, while retaining self-renewal and

multipotent abilities, making them ideal for adoptive T-cell

therapies, including EBV infection in transplant recipients (65, 66).

Due to the age gap, memory response in HC is the highest,

reflecting repeated exposures to EBV antigens over their lifetimes,

which expands the clonal repertoire against the virus (23). Interestingly,

Tem specific subset is increased in patients with active viral replication,

consistent with findings by Amyes et al. (67). They observed a primary

burst of CD4+ Teff cells in response to EBV, persisting throughout the

chronic phase of infection. However, our stimulation with a cocktail of

lytic and latent EBV peptides does not differentiate between viral

phases (58, 67).

Regarding correlation between ICS and AIMS, Sadler et al.

demonstrated that EBV-specific production of IFNɣ significantly

correlated with %CD4+CD134+CD25+ cells in HC (44). While we

did not replicate this result, we found %CD4+CD134+CD25+ cells

frommemory compartment correlatedwithCD4+ responsemeasured

by IFNɣ iMFI, confirming AIMS reliability to infer specific CD4+ T-

cell response. Further studies onCD8+T-cell activationmarkers, such

as CD38 and HLA-DR (44), are recommended.

At the second visit, we confirmed that polyfunctional CD8+

EBV-specific T-cell response detects serology and viral-load positive
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individuals. Furthermore, we replicated our findings on CD4+ Tcm

population in adults. Compared to first visit, we observed changes

in EBV-specific cellular response among patients with viral-load

status shifts, significant in the largest sample group (Figure 4C).

Interestingly, tacrolimus blood levels remained similar between

visits, questioning the effect of immunosuppression treatment.

Positive control stimulus elicited a similar reaction in HC and

immunosuppressed patients, suggesting that anti-CD3/28 beads

override immunosuppression. Similarly, Arasaratnam et al. found

comparable IFNɣ production by Staphylococcal enterotoxin B in

pediatric liver recipients post-immunosuppression (45).

On the other hand, other authors observed that

immunosuppression treatment modifications for PTLD management

lead to changes in frequency of EBV-specific cells detected by ELISpot

(45–47). Moreover, OX40 has been postulated as an indicator of the

immunosuppressive status of patients after stem cell transplantation

(68), although Lamb et al. reported a recipient of stem cell

transplantation whose changes in the immunosuppressive treatment

did not reflect differences in %CD4+CD134+ cells (69). To elucidate

the potential use of ICS or AIMS in evaluating immunosuppressive

status of transplanted patients further prospective studies are needed.

In conclusion, our study reveals significant insights into EBV-

specific T-cell responses in pediatric liver transplant recipients.

We demonstrated that polyfunctional CD8+ T cells were

markedly increased in seropositive individuals, underscoring

their role in controlling EBV infection. Despite a limited sample

size, our findings support the utility of CD107a/IFNɣ response

markers for distinguishing EBV serostatus and viral load.

Additionally, OX40 proved reliable in assessing CD4+ memory

responses, suggesting its potential for broader application in

evaluating antiviral immunity. Further prospective research is

recommended to refine our understanding of EBV-specific T-cell

dynamics in transplant recipients.
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Quantiferon-CMV guided virostatic prophylaxis after heart transplantation. J Heart
Lung Transplant. (2019) 38:S119. doi: 10.1016/j.healun.2019.01.279

29. Westall GP, Cristiano Y, Levvey BJ, Whitford H, Paraskeva MA, Paul E, et al. A
randomized study of quantiferon CMV-directed versus fixed-duration valganciclovir
prophylaxis to reduce late CMV after lung transplantation. Transplant. (2019)
103:1005–13. doi: 10.1097/TP.0000000000002454

30. Benz C, Utermöhlen O, Wulf A, Villmow B, Dries V, Goeser T, et al. Activated
virus-specific T cells are early indicators of anti-CMV immune reactions in liver
transplant patients. Gastroenterology. (2002) 122:1201–15. doi: 10.1053/
gast.2002.33021

31. Sund F, Lidehäll AK, Claesson K, Foss A, Tötterman TH, Korsgren O, et al.
CMV-specific T-cell immunity, viral load, and clinical outcome in seropositive renal
transplant recipients: a pilot study: CMV-specific immunity in renal transplant
patients. Clin Transplant. (2009) 24:401–9. doi: 10.1111/j.1399-0012.2009.00976.x

32. Yamada M, Macedo C, Louis K, Shi T, Landsittel D, Nguyen C, et al. Distinct
association between chronic Epstein-Barr virus infection and T cell compartments
from pediatric heart, kidney, and liver transplant recipients. Am J Transplant. (2023) 23
(8):1145–58. doi: 10.1016/j.ajt.2023.05.007

33. Egli A, Binet I, Binggeli S, Jäger C, Dumoulin A, Schaub S, et al.
Cytomegalovirus-specific T-cell responses and viral replication in kidney transplant
recipients. J Transl Med. (2008) 6:29. doi: 10.1186/1479-5876-6-29

34. Eid AJ, Brown RA, Arthurs SK, Lahr BD, Eckel-Passow JE, Larson TS, et al. A
prospective longitudinal analysis of cytomegalovirus (CMV)-specific CD4+ and CD8+
T cells in kidney allograft recipients at risk of CMV infection: CMV-specific T-cell
immunity after kidney transplant. Transplant Int. (2010) 23:506–13. doi: 10.1111/
j.1432-2277.2009.01017.x

35. Gerna G, Lilleri D, Fornara C, Comolli G, Lozza L, Campana C, et al. Monitoring
of human cytomegalovirus-specific CD4+ and CD8+ T-cell immunity in patients
receiving solid organ transplantation. Am J Transplant. (2006) 6:2356–64. doi: 10.1111/
j.1600-6143.2006.01488.x

36. Gerna G, Lilleri D, Chiesa A, Zelini P, Furione M, Comolli G, et al. Virologic and
immunologic monitoring of cytomegalovirus to guide preemptive therapy in solid-
organ transplantation. Am J Transplant. (2011) 11:2463–71. doi: 10.1111/j.1600-
6143.2011.03636.x

37. La Rosa C, Limaye AP, Krishnan A, Longmate J, Diamond DJ. Longitudinal
assessment of cytomegalovirus (CMV)–specific immune responses in liver transplant
recipients at high risk for late CMV disease. J Infect Dis. (2007) 195:633–44.
doi: 10.1086/511307

38. Radha R, Jordan S, Puliyanda D, Bunnapradist S, Petrosyan A, Amet N, et al.
Cellular immune responses to cytomegalovirus in renal transplant recipients. Am J
Transplant. (2005) 5:110–7. doi: 10.1111/j.1600-6143.2003.00647.x

39. Rogers R, Saharia K, Chandorkar A, Weiss ZF, Vieira K, Koo S, et al. Clinical
experience with a novel assay measuring cytomegalovirus (CMV)-specific CD4+ and
CD8+ T-cell immunity by flow cytometry and intracellular cytokine staining to predict
clinically significant CMV events. BMC Infect Dis. (2020) 20:58. doi: 10.1186/s12879-
020-4787-4

40. Sester M, Sester U, Gärtner B, Heine G, Girndt M, Mueller-Lantzsch N, et al.
Levels of virus-specific CD4 T cells correlate with cytomegalovirus control and predict
virus-induced disease after renal transplantation. Transplant. (2001) 71:1287–94.
doi: 10.1097/00007890-200105150-00018

41. Sester U, Gärtner BC, Wilkens H, Schwaab B, Wössner R, Kindermann I, et al.
Differences in CMV-specific T-cell levels and long-term susceptibility to CMV
infection after kidney, heart and lung transplantation. Am J Transplant. (2005)
5:1483–9. doi: 10.1111/j.1600-6143.2005.00871.x
frontiersin.org

https://doi.org/10.1097/00007890-200203270-00020
https://doi.org/10.1016/j.gastrohep.2009.11.004
https://doi.org/10.1111/ajt.14208
https://doi.org/10.1093/cid/ciaa1189
https://doi.org/10.1093/ndt/gfn605
https://doi.org/10.1093/ndt/gfn605
https://doi.org/10.1186/s12985-023-02187-9
https://doi.org/10.1016/S0031-3955(03)00127-5
https://doi.org/10.1097/TP.0000000000001767
https://doi.org/10.3748/wjg.v23.i7.1224
https://doi.org/10.1016/j.critrevonc.2005.03.015
https://doi.org/10.1111/j.1537-2995.2012.03611.x
https://doi.org/10.1111/ajt.12004
https://doi.org/10.1111/1469-0691.12534
https://doi.org/10.5152/tjg.2018.17731
https://doi.org/10.1111/petr.14292
https://doi.org/10.1097/TP.0b013e318198d645
https://doi.org/10.3390/children8080661
https://doi.org/10.1111/ctr.13652
https://doi.org/10.1111/j.1399-3046.2008.00926.x
https://doi.org/10.1086/654931
https://doi.org/10.1111/imm.2013.139.issue-4
https://doi.org/10.1111/imm.2013.139.issue-4
https://doi.org/10.1093/cid/ciz1209
https://doi.org/10.4049/jimmunol.1001024
https://doi.org/10.4049/jimmunol.1001024
https://doi.org/10.1111/j.1600-6143.2009.02618.x
https://doi.org/10.1111/j.1600-6143.2009.02618.x
https://doi.org/10.1111/ajt.14347
https://doi.org/10.1097/TP.0b013e31823c1cd4
https://doi.org/10.1093/cid/cis993
https://doi.org/10.1016/j.healun.2019.01.279
https://doi.org/10.1097/TP.0000000000002454
https://doi.org/10.1053/gast.2002.33021
https://doi.org/10.1053/gast.2002.33021
https://doi.org/10.1111/j.1399-0012.2009.00976.x
https://doi.org/10.1016/j.ajt.2023.05.007
https://doi.org/10.1186/1479-5876-6-29
https://doi.org/10.1111/j.1432-2277.2009.01017.x
https://doi.org/10.1111/j.1432-2277.2009.01017.x
https://doi.org/10.1111/j.1600-6143.2006.01488.x
https://doi.org/10.1111/j.1600-6143.2006.01488.x
https://doi.org/10.1111/j.1600-6143.2011.03636.x
https://doi.org/10.1111/j.1600-6143.2011.03636.x
https://doi.org/10.1086/511307
https://doi.org/10.1111/j.1600-6143.2003.00647.x
https://doi.org/10.1186/s12879-020-4787-4
https://doi.org/10.1186/s12879-020-4787-4
https://doi.org/10.1097/00007890-200105150-00018
https://doi.org/10.1111/j.1600-6143.2005.00871.x
https://doi.org/10.3389/fimmu.2024.1479472
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
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