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Comparable cellular and
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Background: Kidney transplant recipients (KTRs) are at high risk for a severe

course of coronavirus disease 2019 (COVID-19); thus, effective vaccination is

critical. However, the achievement of protective immunogenicity is hampered by

immunosuppressive therapies. We assessed cellular and humoral immunity and

breakthrough infection rates in KTRs vaccinated with homologous and

heterologous COVID-19 vaccination regimens.

Method: We performed a comparative in-depth analysis of severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2)–specific T-cell responses

using multiplex Fluorospot assays and SARS-CoV-2-specific neutralizing

antibodies (NAbs) between three-times homologously (n = 18) and

heterologously (n = 8) vaccinated KTRs.

Results: We detected SARS-CoV-2-reactive T cells in 100% of KTRs upon third

vaccination, with comparable frequencies, T-cell expression profiles, and relative

interferon g and interleukin 2 production per single cell between homologously

and heterologously vaccinated KTRs. SARS-CoV-2-specific NAb positivity rates

were significantly higher in heterologously (87.5%) compared to homologously

vaccinated (50.0%) KTRs (P < 0.0001), whereas themagnitudes of NAb titers were

comparable between both subcohorts after third vaccination. SARS-CoV-2

breakthrough infections occurred in equal numbers in homologously (38.9%)

and heterologously (37.5%) vaccinated KTRs with mild-to-moderate courses of

COVID-19.
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Conclusion: Our data support a more comprehensive assessment of not only

humoral but also cellular SARS-CoV-2-specific immunity in KTRs to provide an

in-depth understanding about the COVID-19 vaccine–induced immune

response in a transplant setting.
KEYWORDS

COVID-19 vaccination, immunosuppressive therapy, kidney transplant recipients,
multiplex Fluorospot, neutralizing antibodies, T-cell responses
1 Introduction

The coronavirus disease 2019 (COVID-19) pandemic, with

estimated 6.7 million deaths to date (1), has had a significant

impact on healthcare systems (2) and the lives of billions of

people worldwide (3, 4). Today, a “new normal” (5) is being

sought in many countries around the world because the current

viral variants seem to trigger severe disease outcomes less frequently

(6, 7). Immunocompetent individuals after COVID-19 vaccination

develop all effector mechanisms of the adaptive immunity such as

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-

specific neutralizing antibodies (NAbs) and virus-specific CD4 and

CD8 T cells after two vaccine doses, which might be important for

controlling infection and preventing severe disease (8–12).

Immunocompromised patients showed themselves to be more

vulnerable due to reduced immunological defense (13). First,

several immunosuppressed patients are found to have a decreased

humoral vaccination response (14–16). Second, other arms of the

adaptive immune response are not always considered, and the

emerging data so far show an inconsistent picture (17–19). Due

to the lower response to the vaccine, more severe courses of

COVID-19 and increased mortality are currently found in

immunosuppressed patients, even if the overall mortality has

been significantly lower as compared to the infection with the

delta variant (20–22).

Following the very rapid development of vaccines (23), the

question of vaccine efficacy in these special patient groups quickly

arose (24).

The aim of this study was to highlight the different pathways of

the adaptive immune response after homologous and heterologous

COVID-19 vaccinations (two- and threefold) in kidney transplant

recipients (KTRs) in particular to contribute to the understanding

of not only the less frequently studied T-cell response but also the

receptor binding domain (RBD)–specific B-cell response and the

serum-neutralizing capacity in this special patient group.
2 Materials and methods

2.1 Study design

The COVIIMP study (German: “COVID-19-Impfansprechen

immunsupprimierter Patient*innen”) is a prospective observational
02
study to examine the COVID-19 immunization success and the

clinical course of COVID-19 in immunocompromised patients who

received active immunization against SARS-CoV-2 as

recommended by the German health authorities. Between 1st

April 2021, and 31st August 2022, a total of 513 patients had

been enrolled in the COVIIMP study. Participants were

immunocompromised due to immunosuppressive medication

after kidney transplantation, a rheumatologic disease under

immunosuppressive therapy or maintenance hemodialysis

(MHD). All patients were included before their fourth vaccination.

The study was performed at the University Hospital rechts der

Isar in Munich and collaborating outpatient dialysis centers. All

participating patients provided written informed consent. The

study adheres to the Declaration of Helsinki. It was approved by

the Medical Ethics Committee of the Klinikum Rechts der Isar of

the Technical University of Munich (approval number 163/21 S-SR,

19th March 2021) and registered at the Paul Ehrlich Institute

(NIS592) (25).
2.2 Study population

Of 513 patients enrolled in the COVIIMP study, a total of 26

SARS-CoV-2-naïve KTRs (median age 57.0 years (49.5–62.9 years),

34.6% women) (Table 1) were enrolled in this part of the study to

examine SARS-CoV-2-specific humoral and cellular immunity after

the application of homologous and heterologous COVID-19

vaccination regimens. For homologous vaccination (n = 18),

KTRs received two and later on a third dose of either BNT162b2

mRNA (Comirnaty® , BioNTech-Pfizer) or mRNA-1273

(Spikevax®, Moderna Biotech) vaccines. For heterologous

vaccination (n = 8), one dose of ChAdOx1 nCoV-19 (Vaxzevria®,

AstraZeneca) was followed by one or two doses of one of the two

mRNA vaccines. Patients with previous SARS-CoV-2 infections

were identified by PCR or at least one positive serological SARS-

CoV-2 nucleocapsid-specific Immunoglobulin G (IgG) assay result

(12, 26) and subsequently excluded from the study.
2.3 Sample collection

Blood was drawn for analysis in median 21 days (12–46 d) (after

second vaccination) and in median 17 days (13–36d) (after third
frontiersin.org
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TABLE 1 Patient characteristics.

Vaccination scheme

Variable KTR (n = 26) Homologous
(n = 18)

Heterologous
(n = 8) P-valueA

Vaccine (first/second/third dose(s) mRNA/mRNA/mRNA vector/mRNA/mRNA

Age (years) 57.0 (49.5-62.9) 61.6 (51.4–69.8) 53.0 (47.2–56.9) 0.102

Sex: female 9 (34.6%) 7 (38.9%) 2 (25.0%) 0.667

Underlying disease

Congenital or cystic
renal disease

6 (23.1%) 4 (22.2%) 2 (25.0%) >0.999

Glomerulopathy 8 (30.8%) 4 (22.2%) 4 (50.0%) 0.197

Hypertensive
nephropathy

2 (7.7%) 2 (11.1%) 0 (0.0%) >0.999

Nephropathy of
unknown origin

6 (23.1%) 6 (33.3%) 0 (0.0%) 0.132

Reflux nephropathy 1 (3.8%) 0 (0.0%) 1 (12.5%) 0.308

Other 3 (11.5%) 2 (11.1%) 1 (12.5%) >0.999

Charlson Comorbidity Index 2.5 (2.0-4.75) 4.0 (2.0–5.0) 2.0 (1.8–3.3) 0.198

Cardiovascular comorbidity** 7 (26.9%) 6 (33.3%) 1 (12.5%) 0.375

Diabetes mellitus 7 (26.9%) 4 (22.2%) 3 (37.5%) 0.635

eGFR (ml/min) 41.0 (34.1–58.0) 40.5 (34.0–55.8) 57.0 (40.5–60.0) 0.380

CRP (mg/dl) 0.3 (0.1–0.5) 0.2 (0.1–0.5) 0.4 (0.3–0.6) 0.246

WBC (G/L) 6.8 (6.0–7.8) 6.8 (5.6–8.0) 6.6 (6.4–7.7) 0.664

Lymphocytes 25.5 (20.25-29.93) 25.0 (20.5–29.5) 29.0 (19.0–31.9) 0.860

Time after (last) transplantation (years) 5.1 (1.2-9.0) 5.3 (0.9–9.0) 5.1 (2.6–7.3) 0.683

Time between second and third vaccination (days) 188 (174–202) 158 (151–167) 0.043

Last transplant—living donor 11 (42.3%) 6 (33.3%) 5 (62.5%) 0.218

Number of transplantations

1 23 (88.5%) 17 (94.4%) 6 (75.0%) 0.215

2 2 (7.7%) 0 (0.0%) 2 (25.0%) 0.086

3 1 (3.8%) 1 (5.6%) 0 (0.0%) >0.999

History of CMV 12 (46.2%) 10 (55.6%) 2 (25.0%) 0.216

History of BK virus 7 (26.9%) 5 (27.8%) 2 (25.0%) >0.999

History of biopsy-proven rejection 11 (42.3%) 9 (50.0%) 2 (25.0%) 0.395

Immunosuppressive medication

Mono therapy 3 (11.5%) 3 (16.7%) 0 (0.0%) 0.529

Dual therapy 3 (11.5%) 1 (5.6%) 2 (25.0%) 0.215

Triple therapy 20 (76.9%) 14 (77.8%) 6 (75.0%) >0.999

Tacrolimus 22 (84.6%) 15 (83.3%) 7 (87.5%) >0.999

MMF 22 (84.6%) 14 (77.8%) 8 (100.0%) 0.277

Corticosteroids 20 (76.9%) 14 (77.8%) 6 (75.0%) >0.999

mTOR 2 (7.7%) 2 (11.1%) 0 (0.0%) >0.999

(Continued)
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vaccination) after the second and third vaccination, respectively

(Additional file 1: Figure S1).
2.4 Severe acute respiratory syndrome
coronavirus 2-nucleocapsid-specific
IgG antibodies and surrogate
neutralization assay

Serological analyses were performed on the iFlash 1800 platform

(Yhlo Biotechnology) using a surrogate paramagnetic particle

chemiluminescence immunoassay (CLIA). Patients’ sera were

screened for previous SARS-CoV-2 infections via the detection of

nucleocapsid-specific IgG (anti-N IgG), and a reactive result (anti-N

IgG ≥10 AU/ml) led to exclusion from the study. SARS-CoV-2-

specific NAb directed against the RBD within the S1 subunit of SARS-

CoV-2 may prevent the infection of host cells via the viral entry

receptor angiotensin-converting enzyme II (ACE2) (27). Surrogate

neutralization was quantified using the commercial iFlash-2019-nCoV

NAb kit. SARS-CoV-2-specific NAb in patients’ sera form a complex

with SARS-CoV-2 RBD antigen-coated paramagnetic microparticles.

Acridinium-ester-labeled ACE2 conjugates competitively bind the

remaining RBD. This reaction mixture creates high relative light

units (28) and inversely correlates to the amount of SARS-CoV-2-

specific NAb, which is calculated in AU/ml (29, 30). Values ≥ 10 AU/

ml were considered seropositive. According to the manufacturer’s

specifications, the lower and upper limit of quantification (LLOQ/

ULOQ) is 4 and 800 AU/ml, respectively. Values exceeding ULOQ

were entered as 801 AU/ml in the statistical analysis. A conversion

factor allows for the adaptation to the WHO standard (NIBSC code

20/136) (AU/ml × 2.4 = IU/m/l).
2.5 Severe acute respiratory syndrome
coronavirus 2 virus

SARS-CoV-2 Omicron sub l ineage BA.5 (GISAID

EPI_ISL_15942298.) was isolated from the nasopharyngeal swabs

of COVID-19-infected patients. Vero-E6 cells (tested for

mycoplasma contamination) were infected with the virus and

incubated in a cell culture medium (Dulbecco’s modified Eagle’s

medium supplemented with 10% fetal calf serum, 1% glutamine, 1%

penicillin-streptomycin, 1% non-essential amino acid, and 1%

sodium pyruvate). The cell supernatant was then collected after

the virus-induced cytopathic effect appeared. After discarding the
Frontiers in Immunology 04
cell debris by centrifugation, the supernatant with virus particles

was collected and stored at -80°C as virus stock. Strain identity was

confirmed by next-generation sequencing, and the titer was

determined with the plaque assay.
2.6 Severe acute respiratory
syndrome coronavirus 2
infection-neutralization assay

Before analysis, patient serum samples were maintained at -80°

C for storage and then thawed and held at 4°C for 1/day. To assess

neutralizing capabilities, sera were diluted 20- to 2,560-fold using a

twofold serial dilution and incubated with SARS-CoV-2 Omicron

sublineage BA.5 at a predetermined multiplicity of infection (MOI)

of 0.03 (450 PFU/15,000 cells/well) at 37°C for 1 h. After 1 h of

incubation, the inoculum was transferred to Vero-E6 cells for an

additional hour of incubation at 37°C with 5% CO2. The inoculum

was replaced with cell culture media (Dulbecco’s modified Eagle’s

medium with 10% fetal calf serum, 1% glutamine, 1% penicillin–

streptomycin, 1% non-essential amino acid, and 1% sodium

pyruvate). After 24 h, the infection was terminated, and an in-cell

ELISA assay was performed. In-cell ELISA was initiated by the

fixation of cells with 4% paraformaldehyde, the permeabilization of

cell membranes with 0.5% saponin buffer, and blocking with 10%

goat serum. After blocking, cells were incubated with an anti-SARS-

CoV-2 nucleocapsid primary antibody (40143-T62, Sino Biological,

Beijing, China) followed by a goat anti-rabbit IgG2a-HRP

secondary antibody (EMD Millipore/#12-355, Shanghai, China).

By adding a substrate tetramethylbenzidine buffer (TMB), the HRP

signals were converted to colorimetric signals and read at 450 nm by

Infinite® 200 PRO (Tecan Trading AG, Switzerland). The IC50

values, which reflect the dilution factor at which 50% infection

inhibition was achieved for each blood sample, were then

determined using non-linear regression. The neutralizing

capabilities were categorized as under detection if the IC50 values

were less than 20-fold dilution and as >2,560 if the IC50 values were

greater than 2560-fold dilution.
2.7 Isolation and cryopreservation of
peripheral blood mononuclear cells

Blood from study participants was drawn with the Vacutainer

CPT™ system into sodium citrate CPT tubes (Becton Dickinson
TABLE 1 Continued

Vaccination scheme

Variable KTR (n = 26) Homologous
(n = 18)

Heterologous
(n = 8) P-valueA

Cyclosporine 2 (7.7%) 1 (5.6%) 1 (12.5%) 0.529

Other 0 (0.0%) 0 (0.0%) 0 (0.0%) >0.999
fro
**Cardiovascular comorbidity: myocardial infarction, congestive heart failure, peripheral arterial disease, cerebrovascular disease; CMV, cytomegalovirus; eGFR, estimated glomerular filtration
rate; KTR, kidney transplant recipient; MMF, mycophenolate mofetil. mTOR, mammalian target of rapamycin; WBC, white blood cell count. A Comparing homologously and heterologously
COVID-19 vaccinated KTRs with Mann–Whitney U test or Fisher’s exact test. Values presented as median (IQR) and n (%).
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Biosciences), and the tubes were mixed five times before storing

them upright at room temperature. Within 2 h of blood collection,

CPT tubes were centrifuged in a horizontal rotor (swing-out head)

(1,800 g, 20 min, RT). Next, plasma was removed and peripheral

blood mononuclear cells (PBMCs) were transferred to 50 ml

polystyrene Falcon tubes and mixed with 10 ml of PBS by gently

inverting the tubes five times and filled up to 45 ml with PBS.

PBMCs were centrifuged (300 g, 10 min, RT) twice in PBS. Tuerk

solution staining (Morphisto GmbH) was used for cell counting

under the microscope. PBMCs were cryopreserved per vial in 1.8 ml

cryotubes (Thermo Scientific) at a concentration of 1 × 107 PBMCs

per 1 ml of freezing medium/[fetal calf serum (FCS) (Life

Technologies)], supplemented with 10% DMSO (Sigma-Aldrich),

using a freezing container (Thermo Scientific) and stored at −80°C.

After 24 h, PBMCs were stored in the vapor phase of a liquid

nitrogen tank until further use.
2.8 Thawing and resting of peripheral
blood mononuclear cells

PBMCs were thawed and rested as described previously (31).

Cell counting was performed on an ImmunoSpot Ultimate UV

Image analyzer (CTL Europe GmbH) as described previously (12).
2.9 Dual-color interferon g/interleukin 2
Fluorospot assay

Human IFN-g/IL-2 dual-color Fluorospot assays (CTL Europe

GmbH) were performed according to the manufacturer’s

instructions. The plates were activated by adding 70% ethanol

for less than 1 min 1 day before the Fluorospot assays were

performed, followed by a washing step and the addition of IFN-

g/IL-2 capture antibodies overnight, respectively. After decanting

the plate, PBMCs were placed at a concentration of 2 × 105/well in

a final volume of 200 ml/well. PBMCs were stimulated for 22 h

with 1 mg/ml of overlapping peptide pools (15mers overlapping by

11 aa) of the SARS-CoV-2 spike protein (PepMix™ SARS-CoV-2

(PM-WCPV-S; JPT Peptide Technologies), consisting of two

peptide pools, i.e., S1 and S2 with 158 and 157 peptides,

respectively. As an antigen-specific positive control, we used a

CEF pool of in total 32 peptides derived from cytomegalovirus (5

peptides), Epstein–Barr virus (15 peptides), and influenza virus

(flu) (12 peptides) proteins (National Institute for Biological

Standards and Control). After the stimulation period, the plates

were washed and 80 ml of either anti-human IFN-g (FITC) or anti-
human IL-2 (Hapten2) detection antibody solution was added for

additional 2 h. For the visualization of secreted cytokines, plates

were washed and a tertiary solution including either anti-FITC

Alexa Fluor® 488 (visualizes IFN-g) or anti-Hapten2 CTL-Red™

(visualizes IL-2) was added for 1 h. The staining procedure was

stopped by washing the plate. After drying the plates for 24 h on

paper towels, Fluorospot plates were scanned using an automated

reader system (ImmunoSpot Ultimate UV Image analyzer/

ImmunoSpot 7.0.35.0 Professional DC Software, CTL Europe
Frontiers in Immunology 05
GmbH). The counting of spot-forming cells (SFCs) on

Fluorospot plates was performed by adjusting the sensitivity,

background balance, and gates for the spot size using the CTL

software. Counting was performed in compliance with the

guidelines (32) for the automated evaluation of ELISpot assays.

All counts were reviewed and certified by a second person in a

rigorous quality control process. The final results are represented

as SFCs per 1 × 106 PBMCs. Positive reactivity to experimental

stimulatory agents was given when the spot count in antigen-

stimulated wells was greater than twice the spot count in

unstimulated (background) wells. Wells that did not meet the

criteria for a positive response were set at 0 SFC/well.

For the analysis of the cytokine production per single SFC, we

determined the mean intensity, which is defined as the arithmetic

mean of the intensity function values of the counted image for the

spot pixels and the spot size using the CTL software. The values for

the cytokine production per SFC were calculated by the product of

“mean intensity” * “spot size,” and, as such, represent the total

amount of “fluorescence” of a spot. The unit is %max * µm2.
2.10 Human IgG severe acute respiratory
syndrome coronavirus 2 receptor binding
domain ELISpot

The human IgG SARS-CoV-2 RBD ELISpotPLUS kit (Mabtech

AB) was used for the enumeration of memory B cells secreting IgG

antibodies specific for the SARS-CoV-2 RBD. Prior to the ELISpot

assay, thawed PBMCs were cultured for 4 days in a serum-free CTL-

Test™ B Medium (CTL Europe GmbH) containing R848 (1 µg/ml)

and recombinant IL-2 (10 ng/ml) for the in vitro prestimulation of

memory B cells as recommended by the manufacturer (Mabtech

AB). The ELISpot assay was performed in triplicates according to

the manufacturer’s instructions using 5 × 105 preactivated cells per

well and a stimulation time of 22 h. The counts of RBD-specific

IgG-secreting B cells exceeding ULOQ were set to 1,000 SFC per 1 ×

106 PBMC to enable statistical analysis.
2.11 Statistical analysis

Categorical variables are presented as frequencies and

percentages. Continuous variables are expressed as median and

interquartile range (IQR). Group differences were tested with the

Fisher’s exact test, and the Mann–Whitney U test was used for

continuous variables. Paired samples were examined with the

Wilcoxon test. All tests were conducted two-sided, and P < 0.05

was considered significant. Statistical analysis was performed using

R version 4.0.2 (R Foundation for statistical Computing, Vienna,

Austria) and Graph Pad Prism (Version 9.4.1).
2.12 Study approval

The study adheres to the Declaration of Helsinki. It was

approved by the Medical Ethics Committee of the Klinikum
frontiersin.org
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Rechts der Isar of the Technical University Munich (approval

number 163/21 S-SR, 19th March 2021) and registered at the

Paul Ehrlich Institute (NIS592). Written informed consent was

received from participants prior to inclusion in the study.
3 Results

3.1 Patient characteristics

A total of 26 KTRs could be included in the study (Figure 1A).

Of these, 18 patients were homologously COVID-19 vaccinated

(hoVac) (first/second/third vaccine dose(s): mRNA/mRNA/mRNA

vaccine), and 8 patients were heterologously vaccinated (heVac)

(first/second/third vaccine dose(s): vector/mRNA/mRNA vaccine)

(Figure 1B). All participants with heterologous vaccination received

the dose of ChAdOx1 nCoV-19 (Vaxzevria®, AstraZeneca) before

the mRNA vaccines. The median age of the patients was 57.0 years,

and approximately one-third were women. The median Charlson

Comorbidity Index (33) was 2.5, and the median estimated

glomerular filtration rate (eGFR) was 41.0 ml/min. About three-

fourths of the patients had triple immunosuppression. There were

no significant differences between the two groups (hoVac vs. heVac)

with respect to age, sex, underlying disease, the Charlson

Comorbidity Index, eGFR, CRP, blood count, time since

transplantation, CMV and BK viremia, and the type of

immunosuppression (Table 1). Vaccination reaction symptoms

were reported by 14 (77.8%) of the participants in the hoVac and

8 (100%) of participants in the heVac group. None of the patients

experienced severe side effects.
Frontiers in Immunology 06
3.2 Different severe acute respiratory
syndrome coronavirus 2–specific T-cell
kinetics between homologously vaccinated
compared to heterologously vaccinated
kidney transplant recipients after second
but not after third vaccine dose

SARS-CoV-2-specific T-cell reactivity (i.e. response to spike

peptide pool S1 and S2 stimulation) was determined by IFN-g/IL-2
Fluorospot assays after second and third vaccination.

Overall spike-reactive T-cell response rates tended to be higher

(P = 0.071) in heVac compared to hoVac KTRs after second

vaccination (100% (8/8) vs. 77.8% (14/18)), but were equally high

(100% response rate in both cohorts) after the third vaccine

dose (Table 2).

In detail, we detected spike S1- and S2-reactive IFN-g and/or IL-
2 secreting cells in 61.1% (11/18) and 72.2% (13/18) of hoVac KTRs

after second COVID-19 vaccination (Table 2). After third

vaccination, all except one hoVac KTR showed spike S1-reactive

T cells (17/18, 94.4%), whereas S2-reactive T cells were detectable in

all hoVac KTRs (18/18, 100%) (Table 2). Noteworthy, all (8/8)

heVac KTRs showed spike S1- and S2-reactive IFN-g and/or IL-2
secreting cells already upon second and subsequently also upon

third vaccination (Table 2).

Aside from overall higher T-cell response rates, heVac KTRs

also showed significantly higher (individual) numbers of spike S1-

and S2-reactive IFN-g, IL-2, and bi-functional IFN-g/IL-2 secreting
cells (S1, IFN-g: P = 0.0042, IL-2: P = 0.0019, IFN-g/IL-2: P = 0.0019

and S2, IFN-g: P = 0.0017, IL-2: P = 0.0039, IFN-g/IL-2: P = 0.0031,

respectively) after receiving two doses of COVID-19 vaccines
A

B

FIGURE 1

Study design. (A) Diagram describing the flow of patient enrollment and exclusion. (B) A schematic of the study design illustrating applied
coronavirus disease 2019 (COVID-19) vaccination regimens, doses, and the time of blood sampling.
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(Figure 2A). After a third vaccine dose, these significant differences

dispersed and numbers of spike S1- and S2-reactive IFN-g, IL-2, and
bi-functional IFN-g/IL-2 secreting cells were comparable between

both sub-cohorts (Figure 2A). Within the cohort of hoVac KTRs,

we observed a further significant increase in numbers of spike S1-

and S2-reactive IL-2 secreting cells (P = 0.0003 and P = 0.0277,

respectively) after third vaccination, whereas detectable numbers of

IFN-g and bifunctional IFN-g/IL-2 secreting cells remained stable

(Figure 2A). We observed no significant changes of spike-reactive

T-ce l l number s upon th i rd vacc ina t i on fo r heVac

KTRs (Figure 2A).

The proportions of SARS-CoV-2-reactive mono- (antigen-

specific cells secreting either IFN-g or IL-2) and bifunctional

(antigen-specific cells secreting IFN-g and IL-2 simultaneously)

cells in the spike S1- and S2-specific T-cell response were

comparable between hoVac and heVac KTRs at both time points

(second vaccination: S1: 88% and 87% mono- and 12% and 13%

bifunctional cells; S2: 81% and 85% mono- and 19% and 15%

bifunctional cells, respectively; third vaccination: S1: 94% and 91%

mono- and 6% and 9% bifunctional cells; S2: 87% and 90% mono-

and 13% and 10% bifunctional cells, respectively) (Figure 2B).

Overall, in both cohorts, monofunctional spike S1- and S2-

reactive T cells showed a significant dominance of IL-2 secretion

with only low proportions of monofunctional IFN-g-secreting cells
at both time points (P < 0.0001, respectively; except for S1-reactive

cells within the hoVac KTR) (Figure 2B). This IL-2 dominance was

even more pronounced after the third vaccination with 92% spike

S1- and S2-reactive monofunctional IL-2-secreting cells in hoVac

and 97% and 94% spike S1- and S2-reactive monofunctional IL-2-

secreting cells in heVac KTRs (Figure 2B). Noteworthy, in both

subcohorts, the numbers of bifunctional spike S1- and S2-reactive T

cells tend to be lower after third vaccination accompanied by an

increase of monofunctional cells (Figure 2B).

As a further parameter of T-cell activity/T-cell response, we

determined the cytokine production of SARS-CoV-2-specific T cells

per single cell and observed no significant differences for spike S1-
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and S2-reactive IFN-g- and IL-2-secreting cells between hoVac and

heVac KTRs after second and third COVID-19 vaccination

(Figure 2C and Additional file 2: Figure S2). This was also the

case for the comparison of the cytokine production of mono- and

bifunctional spike S1- and S2-reactive T cells between both cohorts

at both time points. However, in both cohorts, bifunctional cells

showed a tendency, partially significant, of a higher cytokine

production per SFC compared to monofunctional cells

(Figure 2D). Furthermore, we observed a significantly higher

cytokine production of spike S1- and S2-reactive IL-2 compared

to IFN-g-secreting cells in both cohorts and at both time

points (Figure 2D).

In summary, heVac KTRs showed higher overall T-cell

response rates and significantly higher numbers of SARS-CoV-2-

specific T cells after two but not after three COVID-19 vaccinations.

In contrast, the T-cell cytokine expression profile and the cytokine

production per spike S1- and S2-reactive T cells were comparable

between both subcohorts at both time points.
3.3 Higher lymphocyte counts in kidney
transplant recipients who did not develop
severe acute respiratory syndrome
coronavirus 2–specific T-cell responses
after second vaccination

We detected significantly higher lymphocyte counts in KTRs

who did not develop SARS-CoV-2-specific T-cell responses after

second vaccination (37.0% vs. 24.0%, P = 0.013) (Table 3). There

were no significant differences between the two groups (SARS-CoV-

2 T-cell positive and -negative KTRs) with respect to age, sex,

Charlson Comorbidity Index, eGFR, CRP, WBC, CMV and BK

viremia, and the type of immunosuppression (Table 3). Since all of

the tested KTRs developed SARS-CoV-2-specific T-cell responses

after third vaccination, we did not perform previously described

statistical analyses for this time point.
TABLE 2 Ratios of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)–reactive T-cell- and SARS-CoV-2-specific neutralizing antibody
(NAb)–positivity in homologously and heterologously COVID-19 vaccinated kidney transplant recipients (KTRs).

Vaccination scheme

KTR
(n = 26)

Homologous, mRNA only
(n = 18)

Heterologous, vector/mRNA
(n = 8) P-valueA

After second vaccination

S1-reactive T cells 19 (73.1%) 11 (61.1%) 8 (100%) 0.062

S2-reactive T cells 21 (80.8%) 13 (72.2%) 8 (100%) 0.281

Total spike-reactive T cellsB 22 (84.6%) 14 (77.8%) 8 (100%) 0.071

After third vaccination

S1-reactive T cells 25 (96.2%) 17 (94.4%) 8 (100%) >0.999

S2-reactive T cells 26 (100%) 18 (100%) 8 (100%) >0.999

Total spike-reactive T cellsB 26 (100%) 18 (100%) 8 (100%) >0.999
KTR, kidney transplant recipients. AComparing homologously and heterologously vaccinated KTRs with Fisher’s exact test. BTotal spike-reactive T cells = sum of S1- and S2-reactive T cells.
Values are presented as n (%).
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A

B

D

C

FIGURE 2

Severe acute respiratory syndrome coronavirus 2 (SARS)-CoV-2-specific T-cell responses of homologously and heterologously vaccinated kidney
transplant recipients (KTRs) after second and third COVID-19 vaccination. (A) Numbers of spike (S1 or S2)-reactive interferon g (IFN-g), interleukin 2
(IL-2), and bifunctional IFN-g/IL-2 cytokine-secreting cells of homologously (hoVac) (pink) or heterologously (turquoise) (heVac) vaccinated KTRs
after two or three doses of COVID-19 vaccines depicted as spot-forming cells (SFCs) per 106 PBMC. (B) Cytokine expression profile of spike (S1 or
S2)-reactive T cells of hoVac or heVac KTRs after two or three doses of COVID-19 vaccines. Pie charts show the proportions of mono- (gray) and
bifunctional (green) cells, respectively. (C) Comparison of IFN-g and IL-2 production per spike S1-reactive cytokine-secreting cells of hoVac or heVac
KTRs after two or three doses of COVID-19 vaccines. Cytokine production per cell was determined by the parameters’ spot size and spot intensity as
described in methods. (D) Comparison of cytokine production per spike (S1 or S2)-reactive mono- and bifunctional cytokine-secreting cells of
hoVac or heVac KTRs after two or three doses of COVID-19 vaccines. Cytokine production per cell was determined as described in (C) and
methods. Statistical analyses by two-sided Mann–Whitney U and Wilcoxon signed-rank tests and Fisher’s exact t test. Solely significant differences
are indicated with an asterisk in the graphs. *P < 0.05; **P < 0.01; ***p < 0.001; ****P < 0.0001. LLOQ, lower limit of quantification.
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3.4 Significantly higher severe acute
respiratory syndrome coronavirus 2–
specific neutralizing antibody–positivity
rates but comparable neutralizing antibody
titers in heterologously vaccinated
compared to homologously vaccinated
kidney transplant recipients

SARS-CoV-2 - spec ific NAb-po s i t i v i t y r a t e s we r e

significantly higher in heVac [62.5% (5/8) and 87.5% (7/8)]

compared to hoVac [33.3% (6/18) and 50.0% (9/18)] KTRs upon

second and third vaccination (P < 0.0001), respectively

(Figure 3A), whereas we observed no significant differences

while comparing SARS-CoV-2-specific NAb titers between

hoVac and heVac KTRs after second and third vaccination

(Figure 3B). Upon third vaccination, SARS-CoV-2-specific

NAb titers significantly increased in both cohorts (P = 0.0313,

respectively) (Figure 3B).
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3.5 Severe acute respiratory syndrome
coronavirus 2–specific neutralizing
antibody–negative kidney transplant
recipients had significantly lower
glomerular filtration rates and were
without exception under mycophenolate
mofetil therapy

Weobserved significantly lower eGFR in KTRswho did not develop

SARS-CoV-2-specific NAbs after second and third vaccination (P =

0.046, respectively) (Table 4). Moreover, NAb-negative KTRs after

second vaccination were without exception under mycophenolate

mofetil (MMF) therapy (100%, P = 0.022) and showed a tendency of

being more frequent under corticosteroid and triple therapy compared

to NAb-positive KTRs (Table 4). There were no significant differences

between the two groups (NAb-negative and NAb-positive KTRs) with

respect to age, sex, Charlson Comorbidity Index, CRP, blood count,

CMV, and BK viremia after second and third vaccination (Table 4).
TABLE 3 Characteristics of KTRs stratified by SARS-CoV-2 T-cell positivity after second vaccination.

Variable T-cell-negative KTR
(n = 4)

T-cell-positive KTR
(n = 22) P- valueA

Age (years) 75.9 (63.9–80.7) 55.3 (49.6–61.9) 0.096

Sex: female 0 (0.0%) 9 (40.9%) 0.263

Charlson Comorbidity Index 6.0 (4.0–7.5) 2.0 (2.0–4.0) 0.119

Diabetes mellitus 2 (50.0%) 5 (22.7%) 0.287

eGFR (ml/min) 35.6 (32.1–40.8) 42.0 (38.5–60.3) 0.223

CRP (mg/dl) 0.2 (0.2–0.4) 0.3 (0.2–0.6) 0.622

WBC (G/L) 6.3 (4.9–7.9) 6.8 (6.4–7.8) 0.682

Lymphocytes 37.0 (36.0–38.0) 24.0 (18.5–29.0) 0.013

History of CMV 1 (25.0%) 11 (50.0%) 0.598

History of BK virus 0 (0.0%) 7 (31.8%) 0.546

Immunosuppressive medication

Mono therapy 0 (0.0%) 3 (13.6%) >0.999

Dual therapy 1 (25.0%) 2 (9.1%) 0.401

Triple therapy 3 (75.0%) 17 (77.3%) >0.999

Tacrolimus 3 (75.0%) 19 (86.4%) 0.511

MMF 4 (100%) 19 (86.4%) >0.999

Corticosteroids 3 (75.0%) 17 (77.3%) >0.999

mTOR 0 (0.0%) 2 (9.1%) >0.999

Cyclosporine 0 (0.0%) 2 (9.1%) >0.999

Other 1 (25.0%) 0 (0.0%) 0.154
fr
CMV, cytomegalovirus; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; KTR, kidney transplant recipient; MMF, mycophenolate mofetil; mTOR, mammalian target of
rapamycin; WBC, white blood cell count. AComparing T-cell negative and T-cell positive KTRs with Mann–Whitney U test or Fisher’s exact test. Values are presented as median (IQR) and n (%).
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3.6 Receptor binding domain–specific
memory B cells in the absence of
measurable levels of serum severe acute
respiratory syndrome coronavirus 2–
specific neutralizing antibodies

Vaccine-induced SARS-CoV-2-specific memory B cells can be

reactivated upon reexposure to antigen and might help to prevent a
Frontiers in Immunology 10
severe course of COVID-19. We performed B-cell ELISpot assays to

evaluate whether KTRs who did not develop detectable SARS-CoV-

2-specific NAbs upon third COVID-19 vaccination established/still

have RBD-specific memory B cells (see exemplary ELISpot wells in

Figure 3C). We detected RBD-specific IgG-secreting B cells in

36.4% (4/11) (median 47, range 14–436 RBD-specific IgG-

secreting B cells/106 PBMC) of KTR-tested negative for SARS-

CoV-2-specific NAbs. In a control group of KTRs who tested
A B

D E

F G

H

C

FIGURE 3

SARS-CoV-2-specific NAb and serum neutralization capacity for Omicron BA.5 of homologously and heterologously COVID-19 vaccinated KTRs.
Illustrated is (A) the percentage and (B) NAb titers of homologously (hoVac) and heterologously (heVac) vaccinated KTRs who developed SARS-CoV-
2-specific NAbs after two or three doses of COVID-19 vaccines determined by a surrogate neutralization assay and given in AU/ml. (C) Exemplarily
staining of RBD-specific memory B cells of hoVac KTRs with (responder) or without (non-responder) spike-specific IgG NAbs after three doses of
COVID-19 vaccines. (D) Correlation of SARS-CoV-2-specific NAbs and the numbers of RBD-specific memory B cells of hoVac and heVac KTRs after
three doses of COVID-19 vaccines. (E) Percentage of hoVac and heVac KTRs showing infection neutralization activity for Omicron BA.5 after second
and third vaccination. (F) Changes in serum neutralization capacities for Omicron BA.5 after second and third COVID-19 vaccination. Inhibitory
concentration (IC50) dilution values are given. Dots indicate the measurement of an individual patient with lines connecting individual values after
second and third vaccination. (G, H) Spearman correlation of serum neutralization capacities for Omicron BA.5 and the NAb titer (G) and the
numbers of spike S1-specific IFN-g- and IL-2-secreting cells depicted as spot-forming cells (SFCs) per 106 PBMCs (H) after third vaccination of
hoVac and heVac KTRs. Statistical analyses by the two-sided Mann–Whitney U test, Wilcoxon signed-rank test, Fisher’s exact t test, and Spearman
correlation and linear regression analysis. Solely significant differences are indicated with an asterisk in the graphs. *P < 0.05; **P < 0.01;
****P < 0.001. LLOD = lower limit of detection. rs denotes the Spearman correlation coefficient.
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positive for SARS-CoV-2-specific NAbs, we detected RBD-specific

IgG-secreting B cells in 100% (4/4) of KTRs (median 618, range

172–1,000 RBD-specific IgG-secreting B cells/106 PBMC). We

observed a strong correlation of detected numbers of RBD-

specific IgG-secreting B cells and SARS-CoV-2-specific NAb titers

(rs= 0.9040 and P < 0.0001) of KTRs (Figure 3D).
3.7 Serum neutralization capacities for
Omicron BA.5 are higher in heterologously
vaccinated kidney transplant recipients

We infected Vero-E6 cells with SARS-CoV-2 Omicron

sublineage BA.5 to determine the serum neutralization capacity of

KTRs for the currently dominant SARS-CoV-2 variant in Germany

(34). We detected significantly higher rates of KTRs with infection

neutralization for Omicron BA.5 in heVac [75.0% (6/8)] compared

to hoVac [22.2% (4/18)] KTRs after second (P = 0.0256) and third

heVac 100% (8/8); hoVac: 55.6% (10/18) (P = 0.0308) vaccination,

respectively (Figure 3E). Serum neutralization capacities for

Omicron BA.5 significantly increased in hoVac (P = 0.0078) and
Frontiers in Immunology 11
heVac (P = 0 .0078) KTRs a f t e r th i rd vacc ina t ion ,

respectively (Figure 3F).
3.8 Strong correlation of serum
neutralization capacity for Omicron BA.5
with severe acute respiratory syndrome
coronavirus 2–specific neutralizing
antibodies and numbers of interleukin 2–
secreting T cells

Spearman correlation analysis revealed a strong correlation of

SARS-CoV-2-specific NAb titers of hoVac and heVac KTRs with

the respective serum neutralization capacities for Omicron BA.5

(rs= 0.9045 and rs= 0.8959, P < 0.0001, respectively) (Figure 3G).

For numbers of spike S1- and S2-specific IL-2 secreting cells of

hoVac and heVac KTRs, we observed a strong correlation with the

respective serum neutralization capacities for Omicron BA.5

(Figures 3H and Additional file 3: Figure S3). Spike S1- and S2-

reactive IFN-g and bifunctional IFN-g/IL-2-secreting cells of hoVac
and heVac KTRs correlated moderately to strongly with the
TABLE 4 Characteristics of KTRs stratified by SARS-CoV-2-specific NAb-positivity after second (left) and third (right) vaccination.

Variable KTRs with NAbs < 10
AU/ml (n = 15)

KTRs with NAbs > 10
AU/ml (n = 11)

P-
valueA

KTRs with NAbs < 10
AU/ml (n = 10)

KTRs with NAbs > 10
AU/ml (n = 16)

P-
valueA

Age (years) 52.3 (42.7–72.1) 59.1 (55.1–62.1) 0.540 54.7 (42.2–72.5) 57.0 (52.5–62.1) 0.979

Sex: female 4 (26.7%) 5 (45.5%) 0.699 2 (20.0%) 7 (43.8%) 0.399

Charlson
Comorbidity Index

2.0 (2.0–5.0) 4.0 (2.0–4.0) 0.929 2.0 (2.0–5.0) 3.5 (2.0–4.0) 0.967

Diabetes mellitus 3 (20.0%) 3 (27.3%) >0.999 2 (20.0%) 4 (25.0%) >0.999

eGFR (ml/min) 40.0 (32.0–46.5) 57.0 (42.0–61.8) 0.046 38.5 (28.0–41.0) 57.0 (40.0–61.5) 0.046

CRP (mg/dl) 0.3 (0.2–0.6) 0.3 (0.1–0.5) >0.999 0.3 (0.2–0.7) 0.3 (0.2–0.5) 0.711

WBC (G/L) 6.9 (5.2–7.8) 6.8 (6.6–7.8) 0.546 6.1 (5.2–7.7) 6.8 (6.5–7.8) 0.412

Lymphocytes 29.0 (22.0–33.0) 24.0 (16.0–26.0) 0.215 29.0 (26.0–31.3) 23.5 (20.3–28.8) 0.304

History of CMV 7 (46.7%) 5 (45.5%) >0.999 4 (40.0%) 8 (50.0%) 0.702

History of BK
virus

4 (26.7%) 3 (27.3%) >0.999 2 (20.0%) 5 (31.3%) 0.668

Immunosuppressive medication

Mono therapy 0 (0.0%) 3 (27.3%) 0.064 0 (0.0%) 3 (18.8%) 0.262

Dual therapy 1 (6.7%) 2 (18.2%) 0.556 1 (10.0%) 2 (12.5%) >0.999

Triple therapy 14 (93.3%) 6 (54.5%) 0.054 9 (90.0%) 11 (68.9%) 0.352

Tacrolimus 13 (86.7%) 9 (81.8%) >0.999 8 (80.0%) 14 (87.5%) 0.625

MMF 15 (100%) 7 (63.6%) 0.022 10 (100%) 12 (75.0%) 0.136

Corticosteroids 14 (93.3%) 6 (54.5%) 0.054 9 (90.0%) 11 (68.8%) 0.352

mTOR 0 (0.0%) 2 (18.2%) 0.169 0 (0.0%) 2 (12.5%) 0.508

Cyclosporine 1 (6.7%) 1 (9.1%) >0.999 1 (10.0%) 1 (6.3%) >0.999

Other 1 (6.7%) 0 (0.0%) >0.999 1 (10.0%) 0 (0.0%) 0.385
front
CMV, cytomegalovirus; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; KTR, kidney transplant recipient; MMF, mycophenolate mofetil; mTOR, mammalian target of
rapamycin; WBC, white blood cell count. AComparing KTRs with SARS-CoV-2-specific NAbs < 10 AU/ml and NAbs > 10 AU/ml with Mann–Whitney U test or Fisher’s exact test. Values are
presented as median (IQR) and n (%).
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respective serum neutralization capacities for Omicron BA.5

(Figure 3H and Additional file 3: Figure S3).
3.9 Severe acute respiratory syndrome
coronavirus 2–specific T-cell responses of
coronavirus disease 2019−vaccinated
kidney transplant recipients strongly
correlate with neutralizing antibody titers
after two but not after three vaccinations

Spearman correlation analysis revealed a strong correlation of

numbers of spike S1-reactive IFN-g, IL-2, and bi-functional IFN-
Frontiers in Immunology 12
g/IL-2 secreting cells and SARS-CoV-2-specific NAb titers after

the second vaccination of hoVac (rs= 0.5567, rs= 0.6213, and rs=

0.5600, respectively) and heVac (rs= 0.8144, rs= 0.9518, and rs=

0.9576, respectively) KTRs, respectively (Figure 4A). S2-reactive T

cells did strongly correlate for IL-2-secreting cells and SARS-CoV-

2-specific NAb titers (rs= 0.6316) in hoVac KTRs after two

vaccinations (Additional file 4: Figure S4A). For two-times

heVac KTRs, we observed a strong correlation of S2-reactive

IFN-g, IL-2, and bifunctional IFN-g/IL-2- secreting cells and

SARS-CoV-2-specific NAb titers (rs= 0.7904, rs= 0.9341, and rs=

0.7892, respectively), which was significantly less pronounced

after three vaccinations (Figure 4B and Additional file 4:

Figure S4B).
A

B
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FIGURE 4

Correlation of SARS-CoV-2-specific T- and B-cell responses after two and three doses of COVID-19 vaccines. (A, B) Correlation of the numbers of
spike S1-reactive IFN-g, IL-2, and bifunctional IFN-g/IL-2-secreting cells (depicted as SFCs per 106 PBMC) of homologously (hoVac) (pink) or
heterologously (heVac) (turquoise) vaccinated KTRs with SARS-CoV-2-specific NAb titers after two (A) or three (B) doses of COVID-19 vaccines. (C)
Correlation of the numbers of spike (S1 or S2)-reactive IFN-g, IL-2, and bifunctional IFN-g/IL-2 SFC per 106 PBMC with the numbers of RBD-specific
memory B cells of hoVac and heVac KTRs after three doses of COVID-19 vaccines. Statistical analyses by correlation and linear regression; rs
denotes the Spearman correlation coefficient.
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We further performed Spearman correlation analyses between

SARS-CoV-2-specific T-cell responses and the numbers of RBD-

specific IgG-secreting memory B cells upon three COVID-19

vaccinations in KTRs. Here we detected a moderate-to-strong

correlation of spike S1- and S2-reactive IFN-g, IL-2, and

bifunctional IFN-g/IL-2-secreting cells and numbers of RBD-

specific IgG- secreting memory B cells (Figure 4C).
3.10 Significantly lower severe acute
respiratory syndrome coronavirus 2–
specific T-cell responses in severe acute
respiratory syndrome coronavirus 2–
specific neutralizing antibody–negative
kidney transplant recipients after second
but not after third coronavirus disease
2019 vaccination

Next, we compared the magnitude of SARS-CoV-2-specific T-

cell responses in KTRs with or without SARS-CoV-2-specific NAbs

upon second or third vaccination. Indeed, upon second vaccination,

we detected significantly lower numbers of spike S1-reactive IFN-g,
IL-2, and bifunctional IFN-g/IL-2-secreting cells in hoVac (P =

0.0102, P = 0.0172, and P = 0.0090, respectively) and heVac (P =

0.0357, P = 0.0179, and P = 0.0179, respectively) NAb-negative

KTRs, respectively (Figure 5A and Additional file 5: Figure S5A). In

terms of S2-reactive cells, we observed significantly lower numbers

of IL-2 but not IFN-g and bifunctional IFN-g/IL-2-secreting cells in
hoVac (P = 0.0179) and heVac (P = 0.0357) NAb-negative KTRs

(Figure 5A and Additional file 5: Figure S5A). However, these

differences in T-cell reactivity were no longer detectable after third

vaccination (Figure 5B and Additional file 5: Figure S5B).
3.11 Severe acute respiratory syndrome
coronavirus 2 breakthrough infections

A SARS-CoV-2 breakthrough infection indicated by a positive

SARS-CoV-2 PCR result occurred in 38.5% (10/26) of KTRs. This

corresponds to 37.5% (3/8) of heVac and 38.9% (7/18) of hoVac

KTRs. In seven (70.0%) of these KTRs, the breakthrough infection

occurred after third vaccination, two (20.0%) KTRs had an infection

after four, COVID-19 vaccinations and one (10.0%) after six

COVID-19 vaccinations. In these KTRs, the median time between

the SARS-CoV-2 infection and the last vaccination was 119 days

(56–263 days). There were 90% of the infected KTRs who had a

mild course of COVID-19 receiving outpatient care. One KTR was

hospitalized with a moderate course of COVID-19 without any

ne ed f o r oxyg en th e r apy and in t en s i v e c a r e , bu t

immunosuppressive therapy was reduced for 10 days and the

patient was treated with SARS-CoV-2-specific monoclonal

antibodies (sotrovimab) and remdesivir. Another infected KTR

was also treated with SARS-CoV-2-specific monoclonal antibodies

(sotrovimab). None of the KTRs reported recurrent SARS-CoV-2

infections or suspicions of long Covid (symptoms longer than 3

months after infection) (35).
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KTRs with a SARS-CoV-2 breakthrough infection had

significantly lower numbers of S1-reactive (P = 0.0478) and, by

trend, lower numbers of S2-reactive T cells (P = 0.0585) and SARS-

CoV-2-specific NAb titers (P = 0.0595) after third vaccination

(Figures 6A, B). There were no significant differences between the

two groups (KTRs with or without a breakthrough infection) with

respect to age, sex, Charlson Comorbidity Index, eGFR, CRP, WBC,

lymphocyte counts, CMV and BK viremia, and the type of

immunosuppression (data not shown) and the numbers of RBD-

specific IgG- secreting memory B cells (Figure 6C) and serum

neutralization capacity for Omicron BA.5 (Figure 6D).
4 Discussion

KTRs receiving immunosuppressive therapy are at higher risk

for poor COVID-19-related outcomes and therefore in urgent need

for establishing a vaccine-induced SARS-CoV-2-specific humoral

and cellular immune response to prevent severe COVID-19 (15, 36–

38). Immunosuppressive therapies could hinder (19, 37) and the

administration of different vaccine regimens could influence the

development of vaccine-induced immune responses in KTRs. As a

consequence, close vaccine–accompanying immune monitoring is

highly recommended for KTRs to assess the vaccination

effectiveness (38, 39).

The major goal of this study was to perform a comparative in-

depth analysis of SARS-CoV-2-specific cellular and humoral

immune responses in hoVac and heVac KTRs to allow for a

broader insight into vaccine-induced immunity in this patient

cohort using different COVID-19 vaccination regimens.

This study had several important findings. (i) Upon third

vaccination, hoVac and heVac KTRs showed similar T-cell

response rates (100% in both cohorts) and comparable numbers

of SARS-CoV-2-reactive T cells. (ii) The cytokine expression

pattern (proportion of mono- and bifunctional cells) of the

detected SARS-CoV-2-reactive T cells was comparable between

hoVac and heVac KTRs after second and third vaccination.

Monofunctional SARS-CoV-2-reactive T cells showed a

dominance of IL-2 secretion at both time points. (iii) Moreover,

the cytokine production of SARS-CoV-2-reactive T cells per single

cell was similar between both subcohorts after second and third

vaccination. (iv) SARS-CoV-2-specific NAb titers were comparable

between hoVac and heVac KTRs, whereas NAb positivity rates were

significantly higher in heVac KTRs upon third vaccination. (v)

SARS-CoV-2-specific T-cell responses of hoVac and heVac KTRs

strongly correlated with SARS-CoV-2-specific NAb titers after two

vaccinations. (vi) HeVac KTRs showed significantly higher serum

neutralization capacities for Omicron BA.5. (vii) SARS-CoV-2

breakthrough infections after third vaccination occurred in equal

numbers in hoVac and heVac KTRs.

The utilization of a highly robust and therefore highly suitable

multiplex Fluorospot assay for longitudinal studies allowed for the

quantification of the numbers of SARS-CoV-2-reactive IFN-g- and/
or IL-2 secreting cells, the distinct cytokine expression pattern of

reactive cells, and the amount of IFN-g and/or IL-2 production per

reactive cell.
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In this study, heVac KTRs showed overall higher spike-reactive

T-cell response rates and significantly higher numbers of spike S1-

and S2-reactive IFN-g, IL-2, and bifunctional IFN-g/IL-2- secreting
cells compared to hoVac KTRs after receiving two doses of COVID-

19 vaccination, which is consistent with previous reports in

immunocompetent individuals (40, 41). Sattler et al. reported

spike-specific CD4 T-cell responses in more than 90% of two-

times hoVac (2x BNT162b2 mRNA vaccine) KTRs (38), which is a

higher proportion as compared to our results (77.8%) of hoVac

KTRs. The Sattler study and ours differ in the time point of T-cell

analysis after vaccination as well as the used assays, which could
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result in the observed slight differences, whereas the patient

characteristics regarding age and sex were comparable between

both studies. Upon third vaccination, the numbers of SARS-CoV-2-

reactive T cells in hoVac KTRs increased significantly, resulting in

comparable numbers of SARS-CoV-2-reactive T cells as well as

overall T-cell response rates between the hoVac and heVac KTRs of

our study. In line with this, Thompson et al. reported comparable

numbers of spike-reactive T cells between hoVac and heVac KTRs

after four vaccinations (17).

Most notably, 100% of KTRs included in this study were able to

develop SARS-CoV-2-specific T-cell responses after a third
A

B

FIGURE 5

Comparison of SARS-CoV-2-specific T-cell responses of homologously or heterologously vaccinated KTRs with or without SARS-CoV-2-specific
NAbs upon second or third COVID-19 vaccination. (A) and (B) Numbers of spike (S1 or S2)-reactive IFN-g- and IL-2- secreting cells (depicted as
SFCs per 106 PBMC) of homologously (pink) or heterologously (turquoise) vaccinated KTRs with (pink and turquoise; open circle) or without (pink
and turquoise, circle/cross) SARS-CoV-2-specific NAbs after second (A) or third vaccination (B). Statistical analyses by two-sided Mann–Whitney U
tests. Solely significant differences are indicated with an asterisk in the graphs. *P < 0.05. LLOQ, lower limit of quantification.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1172477
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Körber et al. 10.3389/fimmu.2023.1172477
COVID-19 vaccine dose, regardless of the administration of

homologous or heterologous vaccine regimens. This is in contrast

to studies of Bertrand et al. (18) and Heinzel et al. (19) who detected

SARS-CoV-2-specific T-cell responses only in 70% and 89% of

three times hoVac (mRNA vaccine) KTRs, which might be due to

using assays limited to the detection of IFN-g-related T-cell

responses. The baseline patient characteristics in both mentioned

studies were comparable to our study, whereas immunosuppressive

regimens differed in the study of Heinzel et al. (19). The study of

Heinzel et al. (19) also included heVac KTRs, who also showed

lower T-cell response rates compared to the heVac KTRs of our

study, but vaccination schemes were different with two mRNA

vaccine doses followed by a third vaccination with a vector vaccine

that limits the comparability to our results.

Our important finding of SARS-CoV-2-specific T-cell response

rates in 100% of KTRs upon third vaccination in both subcohorts

might indicate that the diminished COVID-19 vaccine–induced T-

cell reactivity upon homologous vaccination was overcome after

three vaccinations. Since SARS-CoV-2-specific T-cell responses are

associated with milder courses of COVID-19 (42–44) and might

form an additional correlate of protection to SARS-CoV-2-specific

antibodies against severe COVID-19 (45, 46), this could probably

result in less severe COVID-19 after breakthrough infections in

three times or manifold vaccinated KTRs. Furthermore, there are

reports showing that despite reduced neutralizing activity against

the variants of concern, the majority of T-cell responses are

preserved in both the vaccination and natural infection setting
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and therefore might be effective in controlling infections with VOC

(10, 47–53) also in KTRs. Overall, in line with other reports, this

demonstrates the importance of continuous COVID-19

vaccinations in KTRs (38, 54).

Despite the different observed kinetics of SARS-CoV-2-specific

T-cell responses between hoVac and heVac KTRs, the proportions

of SARS-CoV-2-reactive mono- and bifunctional cells were

comparable between both cohorts at both time points. After two

vaccinations, we observed a predominantly monofunctional spike-

specific T-cell response in both cohorts with IL-2-secreting cells

being more frequently compared to IFN-g-secreting cells. This

observation is in contrast to the findings of others (38, 55), who

detected only low frequencies of IL-2-producing (CD4) T cells in

dual-vaccinated KTRs. Noteworthy, after third vaccination, the

numbers of bifunctional spike S1- and S2-reactive T cells tended

to be lower in both cohorts, accompanied by an increase of

monofunctional cells, showing a more pronounced dominance

of IL-2 secretion with only very limited proportions of

monofunctional IFN-g-secreting cells. The latter was already

observable in heVac KTRs after second vaccination. In contrast to

the shift toward a more monofunctional expression profile of SARS-

CoV-2-reactive T cells, the amount of produced IFN-g and IL-2 per

single reactive cell was higher in bifunctional cells. This is in line

with a previous report on SARS-CoV-2 infected individuals, which

also detected a higher relative cytokine production in poly-

compared to monofunctional cells (56). Considering the

importance of polyfunctional cells for controlling viral infections
A

B DC

FIGURE 6

SARS-CoV-2-specific T- and B-cell responses and serum neutralization capacities for Omicron BA.5 stratified by KTRs with a SARS-CoV-2
breakthrough infection after third vaccination. (A) Numbers of SARS-CoV-2 spike S1- and S2-reactive T cells (depicted as the SFCs per 106 PBMCs),
SARS-CoV-2-specific NAb titers (AU/ml) (B), the numbers of RBD-specific IgG- secreting memory B cells (C), and serum neutralization capacities for
Omicron BA.5 (D) stratified by KTRs with a SARS-CoV-2 breakthrough infection after third vaccination. Statistical analyses by two-sided Mann–
Whitney U tests. Solely significant differences are indicated with an asterisk in the graphs. *P < 0.05.
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(42, 57–59), those bifunctional T cells could be important when it

comes to SARS-CoV-2 infections in KTRs. The cytokine expression

pattern (higher amounts of IL-2-secreting cells) of the detected

SARS-CoV-2-reactive T cells in our cohort indicate a CD4 T-cell

phenotype (12) and importantly argues against an absent or

defective CD4 T-cell help for neutralizing antibody production

(11, 60) of B cells in this cohort.

Previous studies that explored cellular SARS-CoV-2-specific

immunity in KTRs mainly focused on assays predominantly

analyzing IFN-g-related immune responses (17, 18, 61). This

approach might lead to an underestimation of the SARS-CoV-2-

specific T-cell immunity in KTRs, when, e.g., IL-2-related immune

responses are not detected (62). This has to be considered to be

particularly important since it is known that COVID-19 vaccine–

induced T-cell responses do not rapidly decline as virus-specific and

virus-neutralizing antibodies (45, 63).

SARS-CoV-2-specific NAbs are known to prevent and contain

infection (64–66) and are regarded together with anti-spike IgG

concentration as the correlates of protection for vaccines against

symptomatic COVID-19 (67). Routine testing for antiviral vaccine-

induced immunity in KTRs is often limited to serological tests

identifying anti-SARS-CoV-2 IgG and, to a lesser extent, SARS-

CoV-2-specific NAbs, which are both frequently absent in KTRs

also after third vaccination (14–16). This is in accordance with the

results of our study, where only 42.3% and 61.5% of KTRs

developed SARS-CoV-2-specific NAbs upon two or three

COVID-19 vaccine doses, respectively. Especially, hoVac KTRs

showed only very limited capacities of developing SARS-CoV-2-

specific NAbs after two and three vaccine doses (33.3% and 50.0%,

respectively). However, as we were able to demonstrate that all

KTRs in our cohort developed T-cell responses upon third

vaccination—probably in KTRs who do not develop NAb

responses—a more differentiated workup of the vaccination

response seems to be advisable where possible. It appears that

NAb negativity alone might not be a sufficient parameter to stop

COVID-19 vaccinations in an individual KTR as this might be not

sufficient to declare a KTR a COVID-19 vaccine non-responder.

Moreover, as indicated by others (61), a short-term withdrawal of

MMF to induce seroconversion upon COVID-19 vaccination

should be evaluated critically and NAb negativity alone might not

be a sufficient parameter to make such a decision.

In addition to the low SARS-CoV-2-specific NAb-positivity

rates, our study results demonstrate that approximately one-third

of KTRs who tested negative for NAbs showed RBD-specific IgG-

secreting B cells in ELISpot analysis. The finding of a strong

correlation of detected numbers of RBD-specific IgG-secreting B

cells and SARS-CoV-2-specific NAb titers of KTRs indicate that IgG

secreted by RBD-specific memory B cells show neutralizing activity.

Those existing SARS-CoV-2-specific memory B cells in some of the

KTRs who tested negative for SARS-CoV-2-specific NAb might be

hindered in producing NAbs in the in vivo setting, maybe as a

consequence of immunosuppression.

Whereas a third COVID-19 vaccination resulted in a significant

increase in SARS-CoV-2-specific NAb titers in both cohorts, the

magnitudes of SARS-CoV-2-specific NAb titers were comparable

between hoVac and heVac KTRs at both time points. This is in
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contrast to other studies, which reported lower SARS-CoV-2-

s p e c ifi c NAb t i t e r s i n h omo l o g o u s l y v a c c i n a t e d

immunocompetent individuals (40, 41, 68, 69).

Clinical routine testing for antiviral vaccine-induced immunity

includes NAb or anti-S antibody detection against the original

SARS-CoV-2 strains and not against VOC. To test whether

vaccination with original COVID-19 vaccines offers effective

protection toward VOC Omicron, we determined the serum

neutralization capacities of KTRs after two and three COVID-19

vaccinations for Omicron BA.5, which is the currently dominant

SARS-CoV-2 variant in Germany (34). After third vaccination, all

heVac but approximately half of the hoVac KTRs showed serum

neutralization capacities for Omicron BA.5. Interestingly, SARS-

CoV-2-specific NAb titers and the numbers of spike-reactive IL-2

secreting cells after three vaccinations strongly correlated with

serum neutralization capacities for Omicron BA.5. Since the

serum neutralization capacities for Omicron BA.5 significantly

increased in both cohorts, further COVID-19 vaccination doses

might be beneficial for KTRs to broaden immunity against other

emerging variants as it was seen by others in hemodialysis

patients (25).

In compliance with previous reports, we identified a low eGFR

in KTRs as an indicator for lacking SARS-CoV-2-specific NAb

development after second and third COVID-19 vaccination (37,

54). Furthermore, KTRs who did not develop NAbs were under

MMF-therapy unexceptional, at least following two doses of

COVID-19 vaccines. Other studies also reported of weakened or

negative antibody responses in solid organ transplant recipients

under MMF therapy upon COVID-19 vaccination (16, 37, 70, 71).

Interestingly, immunosuppressive treatment did not seem to inhibit

the development of COVID-19 vaccine-induced T-cell responses in

principle in KTRs upon second and third vaccination, although

MMF is known to hamper the synthesis of the guanine-carrying

nucleotide guanosine and consequently the proliferation of B and T

lymphocytes (72).

In this study, 10 KTRs showed a SARS-CoV-2 breakthrough

infection with a predominantly mild course of COVID-19, which is

in line with others reporting of predominantly mild courses of

COVID-19 in three-times vaccinated healthy subjects (11, 42, 73,

74) and KTRs (54, 61). Interestingly, we observed evenly distributed

cases of breakthrough infections in hoVac compared to heVac

KTRs and KTRs with a breakthrough infection had significantly

lower spike S1-specific T-cell responses as compared to uninfected

KTRs. This is in line with the observations of others (46).

This study has limitations. Foremost, there is a relatively small

sample size, especially in the heVac group. We focused on including

a well-characterized cohort of hoVac and heVac KTRs, with

comparable patient characteristics and clinical parameters, which

limited the number of subjects that could be included. Further, we

do not have data on the long-term development of COVID-19

vaccine–induced cellular and humoral immune responses in our

cohort of KTRs. Therefore, future studies allowing an evaluation of

the persistence of the vaccine-induced responses in KTRs are

urgently needed (45).

Overall, our findings bring important new insights into the

vaccine-induced SARS-CoV-2-specific immunity in KTRs.
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Knowing the individual SARS-CoV-2-specific T-cell immunity of

KTRs could reflect another key marker in preventive and

protective immunity against at least severe causes of COVID-19

in immunocompromised patients (38, 75). Based on the findings

of this study, it seems to be recommendable to not only assess

humoral but also consider cellular SARS-CoV-2-specific

immunity in KTRs to provide a comprehensive understanding

of the COVID-19 vaccine–induced immune response in a

transplant setting.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The study was approved by the Medical Ethics Committee of

the Klinikum Rechts der Isar of the Technical University Munich

(approval number 163/21 S-SR, March 19th, 2021) and registered at

the Paul Ehrlich Institute (NIS592). The patients/participants

provided their written informed consent to participate in this study.
Author contributions

The authorship order among co-first authors was based on NK

and CH-L having designed all experiments and outlined and wrote

the manuscript. GW performed most of the experiments and

helped writing the manuscript. MW, MT, and VL were

responsible for data curation and created the database in its

current form. B-HL and C-CC performed the infection-

neutralization assays. NK, CH-L, UP, MB, TB, VK, HM, CC, LP,

and LR conceptualized the project. NK, CH-L, CC, and GW were

responsible for methodology. NK, CH-L, GW, and TB performed

the investigations and analyzed the data. UP, MB, TB, UH, CS, and

LR supervised the project. NK, CH-L, and GW wrote the original

draft. NK, CH-L, UP, MB, TB, VA, and LR gave substantial input to

the final version of the manuscript and reviewed and edited the

manuscript with feedback from all authors. All authors have read

and agreed to the published version of the manuscript.
Frontiers in Immunology 17
Funding

The project was supported by the State of Bavaria via research

network FOR-COVID and Bay-VOC, by the project “Virological

and immunological determinants of COVID-19 pathogenesis –

lessons to get prepared for future pandemics (KA1-Co-02

“COVIPA”)”, a grant from the Helmholtz Association’s Initiative

and Networking Fund, by the European Commission FET Open

Grant VIROFIGHT (grant no. 899619).
Acknowledgments

We would like to thank all patients for their participation in the

study. We thank Manuela Laumer and Juliane Klein for excellent

technical assistance.
Conflict of interest

UP received personal fees from Abbott, Abbvie, Arbutus,

Gilead, GSK, J&J, MSD, Roche, Sanofi, Sobi, and Vaccitech. UP is

a cofounder and share-holder of SCG Cell Therapy. The lab of UP

received grants from Hoehnle AG and SCG Cell Therapy.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1172477/

full#supplementary-material
References
1. Dong E, Du H, Gardner L. An interactive web-based dashboard to track COVID-
19 in real time. Lancet Infect Dis (2020) 20(5):533–4. doi: 10.1016/s1473-3099(20)
30120-1

2. Maia Chagas A, Molloy JC, Prieto-Godino LL, Baden T. Leveraging open
hardware to alleviate the burden of COVID-19 on global health systems. PloS Biol
(2020) 18(4):e3000730. doi: 10.1371/journal.pbio.3000730

3. The L. India Under COVID-19 lockdown. Lancet (2020) 395(10233):1315.
doi: 10.1016/S0140-6736(20)30938-7
4. Haider N, Osman AY, Gadzekpo A, Akipede GO, Asogun D, Ansumana R, et al.
Lockdown measures in response to COVID-19 in nine sub-Saharan African countries.
BMJ Glob Health (2020) 5(10). doi: 10.1136/bmjgh-2020-003319

5. Kantrowitz-Gordon I. A new normal after the COVID-19 pandemic. J Midwifery
Womens Health (2021) 66(3):293–4. doi: 10.1111/jmwh.13247

6. Jassat W, Abdool Karim SS, Ozougwu L, Welch R, Mudara C, Masha M, et al.
Trends in cases, hospitalization and mortality related to the omicron BA.4/BA.5 Sub-
variants in south Africa. Clin Infect Dis (2022). doi: 10.1093/cid/ciac921
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1172477/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1172477/full#supplementary-material
https://doi.org/10.1016/s1473-3099(20)30120-1
https://doi.org/10.1016/s1473-3099(20)30120-1
https://doi.org/10.1371/journal.pbio.3000730
https://doi.org/10.1016/S0140-6736(20)30938-7
https://doi.org/10.1136/bmjgh-2020-003319
https://doi.org/10.1111/jmwh.13247
https://doi.org/10.1093/cid/ciac921
https://doi.org/10.3389/fimmu.2023.1172477
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Körber et al. 10.3389/fimmu.2023.1172477
7. Webster HH, Nyberg T, Sinnathamby MA, Aziz NA, Ferguson N, Seghezzo G,
et al. Hospitalisation and mortality risk of SARS-COV-2 variant omicron sub-lineage
BA. 2 compared to BA.1 England. Nat Commun (2022) 13(1):6053. doi: 10.1038/
s41467-022-33740-9

8. Sahin U, Muik A, Derhovanessian E, Vogler I, Kranz LM, Vormehr M, et al.
COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T-cell responses.
Nature (2020) 586:594–9. doi: 10.1038/s41586-020-2814-7

9. Sahin U, Muik A, Vogler I, Derhovanessian E, Kranz LM, Vormehr M, et al.
BNT162b2 vaccine induces neutralizing antibodies and poly-specific T cells in humans.
Nature (2021) 595(7868):572–7. doi: 10.1038/s41586-021-03653-6

10. Cheng ML, Liu HY, Zhou C, Li RT, Zheng J, Qin YH, et al. Longitudinal
dynamics of cellular responses in recovered COVID-19 patients. Front Immunol (2022)
13:911859. doi: 10.3389/fimmu.2022.911859

11. Sette A, Crotty S. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell
(2021) 184(4):861–80. doi: 10.1016/j.cell.2021.01.007

12. Koerber N, Priller A, Yazici S, Bauer T, Cheng CC, Mijocevic H, et al. Dynamics
of spike-and nucleocapsid specific immunity during long-term follow-up and
vaccination of SARS-CoV-2 convalescents. Nat Commun (2022) 13(1):153.
doi: 10.1038/s41467-021-27649-y

13. Fung M, Babik JM. COVID-19 in immunocompromised hosts: What we know
so far. Clin Infect Dis (2021) 72(2):340–50. doi: 10.1093/cid/ciaa863

14. Werbel WA, Boyarsky BJ, Ou MT, Massie AB, Tobian AAR, Garonzik-Wang
JM, et al. Safety and immunogenicity of a third dose of SARS-CoV-2 vaccine in solid
organ transplant recipients: A case series. Ann Internal Med (2021) 174(9):1330–2.
doi: 10.7326/L21-0282

15. Ohki Y, Kawabe M, Yamamoto I, Katsumata H, Nakada Y, Kobayashi A, et al.
Long-term humoral response after a second dose of SARS-CoV-2 mRNA vaccine in
Japanese kidney transplant recipients. Front Microbiol (2022) 13:922042. doi: 10.3389/
fmicb.2022.922042

16. Regele F, Heinzel A, Hu K, Raab L, Eskandary F, Fae I, et al. Stopping of
mycophenolic acid in kidney transplant recipients for 2 weeks peri-vaccination does
not increase response to SARS-CoV-2 vaccination-a non-randomized, controlled pilot
study. Front Med (Lausanne) (2022) 9:914424. doi: 10.3389/fmed.2022.914424

17. Thomson T, Prendecki M, Gleeson S, Martin P, Spensley K, De Aguiar RC, et al.
Immune responses following 3rd and 4th doses of heterologous and homologous
COVID-19 vaccines in kidney transplant recipients. E Clin Med (2022) 53:101642.
doi: 10.1016/j.eclinm.2022.101642

18. Bertrand D, Hamzaoui M, Lemee V, Lamulle J, Laurent C, Etienne I, et al.
Antibody and T-cell response to a third dose of SARS-CoV-2 mRNA BNT162b2
vaccine in kidney transplant recipients. Kidney Int (2021) 100(6):1337–40.
doi: 10.1016/j.kint.2021.09.014

19. Heinzel A, Schretzenmeier E, Regele F, Hu K, Raab L, Eder M, et al. Three-
month follow-up of heterologous vs. homologous third SARS-CoV-2 vaccination in
kidney transplant recipients: Secondary analysis of a randomized controlled trial. Front
Med (Lausanne) (2022) 9:936126. doi: 10.3389/fmed.2022.936126

20. de Prost N, Audureau E, Heming N, Gault E, Pham T, Chaghouri A, et al.
Clinical phenotypes and outcomes associated with SARS-CoV-2 variant omicron in
critically ill French patients with COVID-19. Nat Commun (2022) 13(1):6025.
doi: 10.1038/s41467-022-33801-z

21. Center for Disease Control and Prevention. People with certain medical
conditions (2022). Available at: https://www.cdc.gov/coronavirus/2019-ncov/need-
extra-precautions/people-with-medical-conditions.html.

22. Shaw B, Shortt J, Low M, Rogers B, Kaplan Z, Fedele P, et al. Low mortality in
vaccinated immunocompromised haematology patients infected with SARS-CoV-2.
Intern Med J (2022) 52:2172–5. doi: 10.1111/imj.15954

23. Bok K, Sitar S, Graham BS, Mascola JR. Accelerated COVID-19 vaccine
development: milestones, lessons, and prospects. Immunity (2021) 54(8):1636–51.
doi: 10.1016/j.immuni.2021.07.017

24. Galmiche S, Luong Nguyen LB, Tartour E, de Lamballerie X, Wittkop L, Loubet
P, et al. Immunological and clinical efficacy of COVID-19 vaccines in
immunocompromised populations: A systematic review. Clin Microbiol Infect (2022)
28(2):163–77. doi: 10.1016/j.cmi.2021.09.036

25. Cheng C-C, Platen L, Christa C, Tellenbach M, Kappler V, Bester R, et al.
Improved SARS-CoV-2 neutralization of delta and omicron BA.1 variants of concern
after fourth vaccination in hemodialysis patients. Vaccines (2022) 10(8):1328.
doi: 10.3390/vaccines10081328

26. Erber J, Kappler V, Haller B, Mijocevic H, Galhoz A, Prazeres da Costa C, et al.
Infection control measures and prevalence of SARS-CoV-2 IgG among 4,554 university
hospital employees, Munich, Germany. Emerg Infect Dis (2022) 28(3):572–81.
doi: 10.3201/eid2803.204436

27. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneumonia
outbreak associated with a new coronavirus of probable bat origin. Nature (2020) 579
(7798):270–3. doi: 10.1038/s41586-020-2012-7

28. Terlutter F, Caspell R, Nowacki TM, Lehmann A, Li R, Zhang T, et al. Direct
detection of T- and b-memory lymphocytes by ImmunoSpot(R) assays reveals HCMV
exposure that serum antibodies fail to identify. Cells (2018) 7(5). doi: 10.3390/
cells7050045
Frontiers in Immunology 18
29. Li X, Pang L, Yin Y, Zhang Y, Xu S, Xu D, et al. Patient and clinical factors at
admission affect the levels of neutralizing antibodies six months after recovering from
COVID-19. Viruses (2022) 14(1). doi: 10.3390/v14010080

30. Pan Y, Jiang X, Yang L, Chen L, Zeng X, Liu G, et al. SARS-CoV-2-specific
immune response in COVID-19 convalescent individuals. Signal Transduct Target
Ther (2021) 6(1):256. doi: 10.1038/s41392-021-00686-1

31. Korber N, Pohl L, Weinberger B, Grubeck-Loebenstein B, Wawer A, Knolle PA,
et al. Hepatitis b vaccine non-responders show higher frequencies of CD24(high)CD38
(high) regulatory b cells and lower levels of IL-10 expression compared to responders.
Front Immunol (2021) 12:713351. doi: 10.3389/fimmu.2021.713351

32. Janetzki S, Price L, Schroeder H, Britten CM, Welters MJ, Hoos A. Guidelines
for the automated evaluation of elispot assays. Nat Protoc (2015) 10(7):1098–115.
doi: 10.1038/nprot.2015.068

33. Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of classifying
prognostic comorbidity in longitudinal studies: Development and validation. J Chronic
Diseases (1987) 40(5):373–83. doi: 10.1016/0021-9681(87)90171-8

34. Institute RK.Wöchentlicher lagebericht des RKI zur coronavirus-Krankheit-2019
(COVID-19) 15.12.2022 – AKTUALISIERTER STAND FÜR DEUTSCHLAND. Berlin,
Germany: Institute RK (2022). Available at: https://www.rki.de/DE/Content/InfAZ/N/
Neuartiges_Coronavirus/Situationsberichte/Wochenbericht/Wochenberichte_Tab.
html.

35. WHO. Post COVID-19 condition (Long COVID). World Health Organization
(2022). Available at: https://www.who.int/europe/news-room/fact-sheets/item/post-
covid-19-condition.

36. Khairallah P, Aggarwal N, Awan AA, Vangala C, Airy M, Pan JS, et al. The
impact of COVID-19 on kidney transplantation and the kidney transplant recipient -
one year into the pandemic. Transplant Int (2021) 34(4):612–21. doi: 10.1111/tri.13840

37. Zong K, Peng D, Yang H, Huang Z, Luo Y, Wang Y, et al. Risk factors for weak
antibody response of SARS-CoV-2 vaccine in adult solid organ transplant recipients: A
systemic review and meta-analysis. Front Immunol (2022) 13:888385. doi: 10.3389/
fimmu.2022.888385

38. Sattler A, Schrezenmeier E, Weber UA, Potekhin A, Bachmann F, Straub-
Hohenbleicher H, et al. Impaired humoral and cellular immunity after SARS-CoV-2
BNT162b2 (tozinameran) prime-boost vaccination in kidney transplant recipients. J
Clin Invest (2021) 131(14). doi: 10.1172/JCI150175

39. Wadei HM, Gonwa TA, Leoni JC, Shah SZ, Aslam N, Speicher LL. COVID-19
infection in solid organ transplant recipients after SARS-CoV-2 vaccination. Am J
Transplant (2021) 21(10):3496–9. doi: 10.1111/ajt.16618

40. Vogel E, Kocher K, Priller A, Cheng CC, Steininger P, Liao BH, et al. Dynamics
of humoral and cellular immune responses after homologous and heterologous SARS-
CoV-2 vaccination with ChAdOx1 nCoV-19 and BNT162b2. EBioMedicine (2022)
85:104294. doi: 10.1016/j.ebiom.2022.104294

41. Schmidt T, Klemis V, Schub D, Mihm J, Hielscher F, Marx S, et al.
Immunogenicity and reactogenicity of heterologous ChAdOx1 nCoV-19/mRNA
vaccination. Nat Med (2021) 27(9):1530–5. doi: 10.1038/s41591-021-01464-w

42. Sekine T, Perez-Potti A, Rivera-Ballesteros O, Stralin K, Gorin JB, Olsson A,
et al. Robust T cell immunity in convalescent individuals with asymptomatic or mild
COVID-19. Cell (2020) 183(1):158–68.e14. doi: 10.1016/j.cell.2020.08.017

43. Kedzierska K, Thomas PG. Count on us: T cells in SARS-CoV-2 infection and
vaccination. Cell Rep Med (2022) 3(3):100562. doi: 10.1016/j.xcrm.2022.100562

44. Tan AT, Linster M, Tan CW, Le Bert N, Chia WN, Kunasegaran K, et al. Early
induction of functional SARS-CoV-2-specific T cells associates with rapid viral
clearance and mild disease in COVID-19 patients. Cell Rep (2021) 34(6):108728.
doi: 10.1016/j.celrep.2021.108728

45. Scurr MJ, Zelek WM, Lippiatt G, Somerville M, Burnell SEA, Capitani L, et al.
Whole blood-based measurement of SARS-CoV-2-specific T cells reveals
asymptomatic infection and vaccine immunogenicity in healthy subjects and
patients with solid-organ cancers. Immunology (2022) 165(2):250–9. doi: 10.1111/
imm.13433

46. Bigenwald C, Haddad Y, Thelemaque C, Carrier A, Birebent R, Ly P, et al. RBD-
specific Th1 responses are associated with vaccine-induced protection against SARS-
CoV-2 infection in patients with hematological malignancies. Oncoimmunology (2023)
12(1):2163785. doi: 10.1080/2162402X.2022.2163785

47. Tarke A, Coelho CH, Zhang Z, Dan JM, Yu ED, Methot N, et al. SARS-CoV-2
vaccination induces immunological T cell memory able to cross-recognize variants
from alpha to omicron. Cell (2022) 185(5):847–59 e11. doi: 10.1016/j.cell.2022.01.015

48. Guo L, Wang G, Wang Y, Zhang Q, Ren L, Gu X, et al. SARS-CoV-2-specific
antibody and T-cell responses 1 year after infection in people recovered from COVID-
19: A longitudinal cohort study. Lancet Microbe (2022) 3(5):e348–e56. doi: 10.1016/
S2666-5247(22)00036-2

49. Naranbhai V, Nathan A, Kaseke C, Berrios C, Khatri A, Choi S, et al. T Cell
reactivity to the SARS-CoV-2 omicron variant is preserved in most but not all
individuals. Cell (2022) 185(6):1041–51.e6. doi: 10.1016/j.cell.2022.01.029

50. GeurtsvanKessel CH, Geers D, Schmitz KS, Mykytyn AZ, Lamers MM, Bogers S,
et al. Divergent SARS-CoV-2 omicron-reactive T and b cell responses in COVID-19
vaccine recipients. Sci Immunol (2022) 7(69):eabo2202. doi: 10.1126/
sciimmunol.abo2202
frontiersin.org

https://doi.org/10.1038/s41467-022-33740-9
https://doi.org/10.1038/s41467-022-33740-9
https://doi.org/10.1038/s41586-020-2814-7
https://doi.org/10.1038/s41586-021-03653-6
https://doi.org/10.3389/fimmu.2022.911859
https://doi.org/10.1016/j.cell.2021.01.007
https://doi.org/10.1038/s41467-021-27649-y
https://doi.org/10.1093/cid/ciaa863
https://doi.org/10.7326/L21-0282
https://doi.org/10.3389/fmicb.2022.922042
https://doi.org/10.3389/fmicb.2022.922042
https://doi.org/10.3389/fmed.2022.914424
https://doi.org/10.1016/j.eclinm.2022.101642
https://doi.org/10.1016/j.kint.2021.09.014
https://doi.org/10.3389/fmed.2022.936126
https://doi.org/10.1038/s41467-022-33801-z
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html
https://doi.org/10.1111/imj.15954
https://doi.org/10.1016/j.immuni.2021.07.017
https://doi.org/10.1016/j.cmi.2021.09.036
https://doi.org/10.3390/vaccines10081328
https://doi.org/10.3201/eid2803.204436
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.3390/cells7050045
https://doi.org/10.3390/cells7050045
https://doi.org/10.3390/v14010080
https://doi.org/10.1038/s41392-021-00686-1
https://doi.org/10.3389/fimmu.2021.713351
https://doi.org/10.1038/nprot.2015.068
https://doi.org/10.1016/0021-9681(87)90171-8
https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/Situationsberichte/Wochenbericht/Wochenberichte_Tab.html
https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/Situationsberichte/Wochenbericht/Wochenberichte_Tab.html
https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/Situationsberichte/Wochenbericht/Wochenberichte_Tab.html
https://www.who.int/europe/news-room/fact-sheets/item/post-covid-19-condition
https://www.who.int/europe/news-room/fact-sheets/item/post-covid-19-condition
https://doi.org/10.1111/tri.13840
https://doi.org/10.3389/fimmu.2022.888385
https://doi.org/10.3389/fimmu.2022.888385
https://doi.org/10.1172/JCI150175
https://doi.org/10.1111/ajt.16618
https://doi.org/10.1016/j.ebiom.2022.104294
https://doi.org/10.1038/s41591-021-01464-w
https://doi.org/10.1016/j.cell.2020.08.017
https://doi.org/10.1016/j.xcrm.2022.100562
https://doi.org/10.1016/j.celrep.2021.108728
https://doi.org/10.1111/imm.13433
https://doi.org/10.1111/imm.13433
https://doi.org/10.1080/2162402X.2022.2163785
https://doi.org/10.1016/j.cell.2022.01.015
https://doi.org/10.1016/S2666-5247(22)00036-2
https://doi.org/10.1016/S2666-5247(22)00036-2
https://doi.org/10.1016/j.cell.2022.01.029
https://doi.org/10.1126/sciimmunol.abo2202
https://doi.org/10.1126/sciimmunol.abo2202
https://doi.org/10.3389/fimmu.2023.1172477
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Körber et al. 10.3389/fimmu.2023.1172477
51. Liu J, Chandrashekar A, Sellers D, Barrett J, Jacob-Dolan C, Lifton M, et al.
Vaccines elicit highly conserved cellular immunity to SARS-CoV-2 omicron. Nature
(2022) 603(7901):493–6. doi: 10.1038/s41586-022-04465-y

52. Moga E, Lynton-Pons E, Domingo P. The robustness of cellular immunity
determines the fate of SARS-CoV-2 infection. Front Immunol (2022) 13:904686.
doi: 10.3389/fimmu.2022.904686

53. Grifoni A, Sette A. From alpha to omicron: The response of T cells. Curr Res
Immunol (2022) 3:146–50. doi: 10.1016/j.crimmu.2022.08.005

54. Kamar N, Abravanel F, Marion O, Couat C, Izopet J, Del Bello A. Three doses of
an mRNA covid-19 vaccine in solid-organ transplant recipients. N Engl J Med (2021)
385(7):661–2. doi: 10.1056/NEJMc2108861

55. Furian L, Russo FP, Zaza G, Burra P, Hartzell S, Bizzaro D, et al. Differences in
humoral and cellular vaccine responses to SARS-CoV-2 in kidney and liver transplant
recipients. Front Immunol (2022) 13:853682. doi: 10.3389/fimmu.2022.853682

56. Sandberg JT, Varnaite R, Christ W, Chen P, Muvva JR, Maleki KT, et al. SARS-
CoV-2-specific humoral and cellular immunity persists through 9 months irrespective
of COVID-19 severity at hospitalisation. Clin Trans Immunol (2021) 10(7):e1306.
doi: 10.1002/cti2.1306

57. Savic M, Dembinski JL, Laake I, Hungnes O, Cox R, Oftung F, et al. Distinct T
and NK cell populations may serve as immune correlates of protection against
symptomatic pandemic influenza A(H1N1) virus infection during pregnancy. PloS
One (2017) 12(11):e0188055. doi: 10.1371/journal.pone.0188055

58. Van Braeckel E, Desombere I, Clement F, Vandekerckhove L, Verhofstede C,
Vogelaers D, et al. Polyfunctional CD4(+) T cell responses in HIV-1-infected viral
controllers compared with those in healthy recipients of an adjuvanted polyprotein
HIV-1 vaccine. Vaccine (2013) 31(36):3739–46. doi: 10.1016/j.vaccine.2013.05.021

59. Lindenstrom T, Agger EM, Korsholm KS, Darrah PA, Aagaard C, Seder RA,
et al. Tuberculosis subunit vaccination provides long-term protective immunity
characterized by multifunctional CD4 memory T cells. J Immunol (2009) 182
(12):8047–55. doi: 10.4049/jimmunol.0801592

60. Chen JS, Chow RD, Song E, Mao T, Israelow B, Kamath K, et al. High-affinity,
neutralizing antibodies to SARS-CoV-2 can be made without T follicular helper cells.
Sci Immunol (2022) 7(68):eabl5652. doi: 10.1126/sciimmunol.abl5652

61. Kuhn T, Speer C, Morath C, Bartenschlager M, Kim H, Beimler J, et al. Immune
response to COVID-19 mRNA vaccination in previous nonresponder kidney transplant
recipients after short-term withdrawal of mycophenolic acid 1 and 3 months after an
additional vaccine dose. Transplantation (2023). doi: 10.1097/TP.0000000000004516

62. Krishna BA, Lim EY, Mactavous L, Team NB, Lyons PA, Doffinger R, et al.
Evidence of previous SARS-CoV-2 infection in seronegative patients with long COVID.
EBioMedicine (2022) 81:104129. doi: 10.1016/j.ebiom.2022.104129

63. Krifors A, Freyhult E, Rashid Teljeback M, Wallin RPA, Winqvist O, Mansson
E. Long-lasting T-cell response to SARS-CoV-2 antigens after vaccination-a
Frontiers in Immunology 19
prospective cohort study of HCWs working with COVID-19 patients. Infect Dis
(Lond) (2022) 55:1–7. doi: 10.1080/23744235.2022.2142662

64. Bertoletti A, Le Bert N, Tan AT. SARS-CoV-2-specific T cells in the changing
landscape of the COVID-19 pandemic. Immunity (2022) 55:1764–78. doi: 10.1016/
j.immuni.2022.08.008

65. Goldblatt D, Alter G, Crotty S, Plotkin SA. Correlates of protection against
SARS-CoV-2 infection and COVID-19 disease. Immunol Rev (2022) 310:6–26.
doi: 10.1111/imr.13091

66. Khoury DS, Cromer D, Reynaldi A, Schlub TE, Wheatley AK, Juno JA, et al.
Neutralizing antibody levels are highly predictive of immune protection from
symptomatic SARS-CoV-2 infection. Nat Med (2021) 27(7):1205–11. doi: 10.1038/
s41591-021-01377-8

67. Gilbert PB, Donis RO, Koup RA, Fong Y, Plotkin SA, Follmann D. A covid-19
milestone attained - a correlate of protection for vaccines. N Engl J Med (2022) 387
(24):2203–6. doi: 10.1056/NEJMp2211314

68. Dimeglio C, Herin F, Da-Silva I, Jougla I, Pradere C, Porcheron M, et al.
Heterologous ChAdOx1-S/BNT162b2 vaccination: Neutralizing antibody response to
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Clin Infect Dis (2022)
74(7):1315–6. doi: 10.1093/cid/ciab705

69. Tenbusch M, Schumacher S, Vogel E, Priller A, Held J, Steininger P, et al.
Heterologous prime-boost vaccination with ChAdOx1 nCoV-19 and BNT162b2.
Lancet Infect Dis (2021) 21(9):1212–3. doi: 10.1016/S1473-3099(21)00420-5

70. Kim HJ, Lee HJ, Yu S, Shin KH, Cho WH, Yeo HJ. Immunosuppressant and
SARS-CoV-2 vaccine antibody response after lung transplantation. Transplant Proc
(2022) 54:2692–7. doi: 10.1016/j.transproceed.2022.11.001

71. Charmetant X, Espi M, Benotmane I, Barateau V, Heibel F, Buron F, et al.
Infection or a third dose of mRNA vaccine elicits neutralizing antibody responses
against SARS-CoV-2 in kidney transplant recipients. Sci Trans Med (2022) 14(636):
eabl6141. doi: 10.1126/scitranslmed.abl6141

72. Eickenberg S, Mickholz E, Jung E, Nofer JR, Pavenstadt HJ, Jacobi AM.
Mycophenolic acid counteracts b cell proliferation and plasmablast formation in
patients with systemic lupus erythematosus. Arthritis Res Ther (2012) 14(3):R110.
doi: 10.1186/ar3835

73. Tarique M, Suhail M, Naz H, Muhammad N, Tabrez S, Zughaibi TA, et al.
Where do T cell subsets stand in SARS-CoV-2 infection: an update. Front Cell Infect
Microbiol (2022) 12:964265. doi: 10.3389/fcimb.2022.964265

74. Chan YH, Fong SW, Poh CM, Carissimo G, Yeo NK, Amrun SN, et al.
Asymptomatic COVID-19: disease tolerance with efficient anti-viral immunity
against SARS-CoV-2. EMBO Mol Med (2021) 13(6):e14045. doi: 10.15252/
emmm.202114045

75. Caillard S, Thaunat O. COVID-19 vaccination in kidney transplant recipients.
Nat Rev Nephrol (2021) 17(12):785–7. doi: 10.1038/s41581-021-00491-7
frontiersin.org

https://doi.org/10.1038/s41586-022-04465-y
https://doi.org/10.3389/fimmu.2022.904686
https://doi.org/10.1016/j.crimmu.2022.08.005
https://doi.org/10.1056/NEJMc2108861
https://doi.org/10.3389/fimmu.2022.853682
https://doi.org/10.1002/cti2.1306
https://doi.org/10.1371/journal.pone.0188055
https://doi.org/10.1016/j.vaccine.2013.05.021
https://doi.org/10.4049/jimmunol.0801592
https://doi.org/10.1126/sciimmunol.abl5652
https://doi.org/10.1097/TP.0000000000004516
https://doi.org/10.1016/j.ebiom.2022.104129
https://doi.org/10.1080/23744235.2022.2142662
https://doi.org/10.1016/j.immuni.2022.08.008
https://doi.org/10.1016/j.immuni.2022.08.008
https://doi.org/10.1111/imr.13091
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1056/NEJMp2211314
https://doi.org/10.1093/cid/ciab705
https://doi.org/10.1016/S1473-3099(21)00420-5
https://doi.org/10.1016/j.transproceed.2022.11.001
https://doi.org/10.1126/scitranslmed.abl6141
https://doi.org/10.1186/ar3835
https://doi.org/10.3389/fcimb.2022.964265
https://doi.org/10.15252/emmm.202114045
https://doi.org/10.15252/emmm.202114045
https://doi.org/10.1038/s41581-021-00491-7
https://doi.org/10.3389/fimmu.2023.1172477
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Comparable cellular and humoral immunity upon homologous and heterologous COVID-19 vaccination regimens in kidney transplant recipients
	1 Introduction
	2 Materials and methods
	2.1 Study design
	2.2 Study population
	2.3 Sample collection
	2.4 Severe acute respiratory syndrome coronavirus 2-nucleocapsid-specific IgG antibodies and surrogate neutralization assay
	2.5 Severe acute respiratory syndrome coronavirus 2 virus
	2.6 Severe acute respiratory syndrome coronavirus 2 infection-neutralization assay
	2.7 Isolation and cryopreservation of peripheral blood mononuclear cells
	2.8 Thawing and resting of peripheral blood mononuclear cells
	2.9 Dual-color interferon &gamma;/interleukin 2 Fluorospot assay
	2.10 Human IgG severe acute respiratory syndrome coronavirus 2 receptor binding domain ELISpot
	2.11 Statistical analysis
	2.12 Study approval

	3 Results
	3.1 Patient characteristics
	3.2 Different severe acute respiratory syndrome coronavirus 2–specific T-cell kinetics between homologously vaccinated compared to heterologously vaccinated kidney transplant recipients after second but not after third vaccine dose
	3.3 Higher lymphocyte counts in kidney transplant recipients who did not develop severe acute respiratory syndrome coronavirus 2–specific T-cell responses after second vaccination
	3.4 Significantly higher severe acute respiratory syndrome coronavirus 2–specific neutralizing antibody–positivity rates but comparable neutralizing antibody titers in heterologously vaccinated compared to homologously vaccinated kidney transplant recipients
	3.5 Severe acute respiratory syndrome coronavirus 2–specific neutralizing antibody–negative kidney transplant recipients had significantly lower glomerular filtration rates and were without exception under mycophenolate mofetil therapy
	3.6 Receptor binding domain–specific memory B cells in the absence of measurable levels of serum severe acute respiratory syndrome coronavirus 2–specific neutralizing antibodies
	3.7 Serum neutralization capacities for Omicron BA.5 are higher in heterologously vaccinated kidney transplant recipients
	3.8 Strong correlation of serum neutralization capacity for Omicron BA.5 with severe acute respiratory syndrome coronavirus 2–specific neutralizing antibodies and numbers of interleukin 2–secreting T cells
	3.9 Severe acute respiratory syndrome coronavirus 2–specific T-cell responses of coronavirus disease 2019&minus;vaccinated kidney transplant recipients strongly correlate with neutralizing antibody titers after two but not after three vaccinations
	3.10 Significantly lower severe acute respiratory syndrome coronavirus 2–specific T-cell responses in severe acute respiratory syndrome coronavirus 2–specific neutralizing antibody–negative kidney transplant recipients after second but not after third coronavirus disease 2019 vaccination
	3.11 Severe acute respiratory syndrome coronavirus 2 breakthrough infections

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


