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Highlights

e Narrower CD8+ T-cell repertoire in liver transplant recipients vs.
healthy controls after three vaccine doses.

e Reduced frequencies of spike-specific CD8+ T cells in liver trans-
plant recipients vs. healthy controls after three vaccine doses.

e Formation of a functional CD8+ T-cell memory pool after vaccina-
tion in liver transplant recipients.

e Altered subset distribution of CD4+ T cells after vaccination in liver
transplant recipients.

e A third mRNA shot significantly improves antibody responses in liver
transplant recipients.

https://doi.org/10.1016/j.jhep.2023.02.007

Impact and implications

Due to immunosuppressive medication, liver transplant recipients (LTR)
display reduced antibody titers upon COVID-19 mRNA vaccination, but
the impact on long-term immune memory is not clear. Herein, we
demonstrate that after three vaccine doses, the majority of LTRs not
only exhibit substantial antibody titers, but also a robust memory T-cell
response. Additional booster vaccine doses may be of special benefit
for a small subset of LTRs with inferior vaccine response and may
provide superior protection against evolving novel viral variants. These
findings will help physicians to guide LTRs regarding the benefit of
booster vaccinations.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/). J. Hepatol. 2023, 78, 1017-1027
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Background & Aims: Liver transplant recipients (LTRs) demonstrate a reduced response to COVID-19 mRNA vaccination;
however, a detailed understanding of the interplay between humoral and cellular immunity, especially after a third (and fourth)
vaccine dose, is lacking.

Methods: We longitudinally compared the humoral, as well as CD4+ and CD8+ T-cell, responses between LTRs (n = 24) and
healthy controls (n = 19) after three (LTRs: n = 9 to 16; healthy controls: n = 9 to 14 per experiment) to four (LTRs: n = 4; healthy
controls: n = 4) vaccine doses, including in-depth phenotypical and functional characterization.

Results: Compared to healthy controls, development of high antibody titers required a third vaccine dose in most LTRs, while
spike-specific CD8+ T cells with robust recall capacity plateaued after the second vaccine dose, albeit with a reduced frequency
and epitope repertoire compared to healthy controls. This overall attenuated vaccine response was linked to a reduced frequency
of spike-reactive follicular T helper cells in LTRs.

Conclusion: Three doses of a COVID-19 mRNA vaccine induce an overall robust humoral and cellular memory response in most
LTRs. Decisions regarding additional booster doses may thus be based on individual vaccine responses as well as evolution of
novel variants of concern.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Due to immunosuppression and comorbidities, liver transplant
recipients (LTRs) represent a vulnerable group with significantly
increased risk of developing symptomatic SARS-CoV-2 infec-
tion compared to the general population."” Accordingly, the
European Association for the Study of the Liver clearly rec-
ommends vaccination for LTRs.® However, as seen after nat-
ural infection, the seroconversion and T-cell response rates in
LTRs after mRNA vaccination are lower than in healthy in-
dividuals, who are known to develop robust vaccine-induced
antibody and T-cell responses.® ' To date, most studies in
LTRs assessed the virus-specific cellular and humoral immune
response after two mRNA vaccine doses. Recent data suggest
that antibody and T-cell responses are enhanced by a third and
fourth vaccine dose.’®'® However, although essential for
evaluating future vaccination strategies, a detailed under-
standing of T-cell phenotype, memory formation and the
interplay of different cellular and humoral compartments of the
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immune response after SARS-CoV-2 vaccination in LTRs is still
lacking. For example, reduced antibody levels might be
explained by a different subset distribution of CD4+ T cells,
since strong antibody responses are associated with higher
levels of follicular T helper (Tgy) cells in immunocompetent in-
dividuals.'® Therefore, we aimed to investigate the impact of
repeated booster vaccinations on the effector arm of the
adaptive immune response focusing on SARS-CoV-2-specific
CD8+ T cells and the coordinating function of the CD4+ T-
cell response. Overall, we performed the first, to our knowl-
edge, in-depth characterization of CD4+ and CD8+ T cells in
LTRs following administration of up to four vaccine doses.

Patients and methods

Study cohort

Twenty-four LTRs and 19 healthy controls (HCs) without liver
pathology who received up to four doses of an mRNA vaccine

(M. Hofmann), christoph.neumann-
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(BNT162b2/Comirnaty or  mRNA-1273/Spikevax)  were
recruited at the Freiburg University Medical Center, Germany.
HLA-typing was performed by next-generation sequencing.
Donor characteristics are summarized in Table S1.

Ethics

Written informed consent was obtained from all participants
before inclusion. The study was conducted according to
federal guidelines and local ethics committee regulations
(Albert-Ludwigs-Universitat, Freiburg, Germany; vote: 322/
20, 21-1135 and 315/20) and the Declaration of Hel-
sinki (1975).

PBMC isolation

Peripheral blood mononuclear cell (PBMC)
described in the supplementary information.

isolation is

In vitro expansion and intracellular IFNy staining with
overlapping peptides

We tested a total of 182 overlapping peptides (OLPs) spanning
the entire SARS-CoV-2 spike protein sequence (Gene Bank
Accession code MN908947.3), synthesized as 18-mers over-
lapping by 11 amino acids with a free amine NH, terminus and
a free acid COOH terminus with standard Fmoc chemistry
showing a purity of >70% (Genaxxon Bioscience). Details
regarding the experimental procedure are provided in the
supplementary information.

Peptides and tetramers for T-cell analysis

The peptides for A*02/Syee (YLQPRTFLL) and A*03/Ss7g
(KCYGVSPTK) were synthesized with an unmodified N termi-
nus and an amidated C terminus with standard Fmoc chemistry
and a purity of >70% (Genaxxon Bioscience). Peptides were
then loaded on HLA class | easYmers (immunAware) according
to the manufacturer’s instructions. For tetramerization, the
SARS-CoV-2 peptide-loaded HLA class | monomers were
subsequently incubated together with phycoerythrin- or
allophycocyanin-conjugated streptavidin (Agilent) following the
manufacturer’s protocol.

In vitro expansion of spike-specific CD8+ T cells and
assessment of effector function

After stimulation of approximately 1.5x10° PBMCs with A*02/
S269 (YLQPRTFLL) or A*03/S378 (KCYGVSPTK) peptides
(5 M) and an anti-CD28 monoclonal antibody (0.5 ug mi™, BD),
the cells were expanded for 14 days in complete RPMI culture
medium containing recombinant IL-2 (20 IU ml~', StemCell
Technologies). Intracellular cytokine production and degranu-
lation was assessed with spike-derived peptides (15 M) in the
presence of anti-CD107a (H4A3, 1:100, BD Bioscience) for 1 h
at 37 °C. Brefeldin A (GolgiPlug, 0.5 pl mI™) and monensin
(GolgiStop, 0.5 pl mi™") (both BD Biosciences) were then added
for an additional 4 h, followed by surface and intracellular
staining. Calculation of the expansion capacity was based on
peptide-loaded HLA class | tetramer staining as previ-
ously described.'”
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Magnetic bead-based enrichment of spike-specific CD8+
T cells

Enrichment of spike-specific CD8+ T cells is described in the
supplementary information.

Multiparametric flow cytometry for T-cell analysis

A list of the antibodies used for multiparametric flow cytometry
is provided in the supplementary CTAT table. To conduct the
staining for intranuclear and cytoplasmic molecules, respec-
tively, FoxP3/Transcription Factor Staining Buffer Set (Thermo
Fisher) and Fixation/Permeabilization Solution Kit (BD Bio-
sciences) were used according to the manufacturer’s protocol.
Analyses were performed on FACSCanto Il with FACSDiva
software version 10.6.2 (BD) or CytoFLEX (Beckman Coulter)
with CytExpert Software version 2.3.0.84 after fixation of cells
in 2% paraformaldehyde (Sigma). Data were then analyzed with
FlowdJo 10.7.1 (Treestar). The gating strategy is displayed in
Fig. S1 and S2.

Dimensionality reduction of multiparametric flow
cytometry data

Dimensionality reduction of flow cytometry data was performed
with R version 4.1.3 using the Bioconductor CATALYST
package (version 1.18.1). Tetramer-positive CD8+ T cells were
defined with the help of FlowJo 10. Only samples with 25 spike-
specific CD8+ T cells were included in the dimensionality
reduction analysis. To compensate for the lower abundance of
this population in LTRs, cell counts were sampled down to a
maximum of 35 cells per patient and time point. In addition,
marker expression intensities were transformed, applying
arcsinh-transformation with a cofactor of 150 in order to facil-
itate visualization. The R code for reproduction of the described
analyses is accessible at https://github.com/sagar161286/
SARSCoV2_specific_CD8_Tcells.

Activation-induced marker (AIM) assay

Briefly, three wells containing 3x10° PBMCs each were pre-
pared per patient and time point using a sterile 96-well U-
bottom plate. Cells were incubated with DMSO (50 mg ml™;
negative control), spike-OLP-pool (10 pg ml™") or phytohe-
magglutinin (10 ug ml™'; positive control) for 1 h at 37 °C. After a
washing step, 1.2x10° PBMCs were added (total cell number
per well about 1.5x10° cells) and stimulated again with lower
concentrations of the three reagents (DMSO 5 mg ml™", spike-
OLP-pool 1 g mI™" and phytohemagglutinin 5 ug mi™) for 24 h
at 37 °C. Chemokine receptor antibodies (CCR6, CCR7, CXCR
and CXCR5) were added during both stimulations in their
respective concentrations stated in the supplementary CTAT
table. Thereafter, multiparametric flow cytometry was per-
formed. Spike-specific CD4+ T cells were determined via the
co-expression of OX40 and CD137 after the stimulation pro-
cess. The CD4+ T-cell subsets were defined by CXCR5,
CXCR3 and CCRe6. The gating strategy is displayed in Fig. S3.

Serum IgG determination

SARS-CoV-2-specific antibodies were determined by anti-
SARS-CoV-2-QuantiVac-ELISA (IgG) from Euroimmun. Detec-
tion of anti-SARS-CoV-2 spike-specific IgGs was performed
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according to the manufacturer’s instructions (anti-SARS-CoV-2
S-1gG; <35.2 BAU ml™": negative, >35.2 BAU ml™": positive).

SARS-CoV-2 pseudovirus neutralization assay

Pseudovirus neutralization assays against SARS-CoV-2 wild-
type (Wuhan-Hu-1) and the Omicron BA.4/BA.5 variants were
performed on a selection of 47 samples as described in the
supplementary information.

Statistical analysis

Statistical analysis was performed with Prism 9 (GraphPad
Software) and STATA version 15.0 (StataCorp Lp, Texas). Two-
tailed Mann-Whitney U tests, two-sided Wilcoxon matched-
pairs signed rank tests, Kruskal-Wallis tests, two-way
ANOVAs with full model and spearman correlations were
used to assess statistical significance. A p value <0.05 was
considered statistically significant.

Spike-specific IgG
after 3¢ mRNA vaccine dose
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Results

Impaired adaptive effector response in LTRs vs. HCs after
three doses of mRNA vaccination

We obtained time point-matched samples during the course of
vaccination in LTRs (total, n = 24) and age-matched HCs (total,
n = 19) after up to four SARS-CoV-2 vaccine doses
(Fig. S4A,B). All individuals received mRNA vaccinations
(BNT162b2/Comirnaty or mRNA-1273/Spikevax) and did not
have a history of SARS-CoV-2 infection (all tested negative for
N-IgG) (Table S1). All LTRs received calcineurin inhibitors and
most patients additionally received mycophenolate mofetil
(MMF) as an immunosuppressive treatment (Fig. S4C).

LTRs (n = 16) showed significantly lower levels of spike-
specific IgG after three mRNA vaccine doses compared to
HCs (n = 14) (Fig. 1A). We also analyzed spike-specific CD8+ T-
cell responses after the third vaccination in LTRs (n = 9) and
HCs (n = 9) using OLPs spanning the whole spike protein. LTRs
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Fig. 1. Impaired adaptive effector response in LTRs vs. HCs after three doses of mRNA vaccination. (A) Spike-specific IgG-levels in HCs and LTRs after the 3™
vaccine dose (LTRs n = 16, HCs n = 14). (B) Numbers of CD8+ T-cell responses to spike-OLPs after in vitro expansion per patient after the 3 vaccine dose (HCs n = 9;
LTRs n = 9). (C) Number and location of CD8+ T-cell responses to spike-OLPs after in vitro expansion in HCs (top) vs. LTRs (bottom) after the 3™ vaccine dose.
Numbers of tested individuals (per HLA allotype and in total) are indicated. OLPs with >1 HLA-matched previously described epitopes are crosshatched. (D) Ex vivo
frequency of spike-specific CD8+ T cells in HCs and LTRs after the 3" vaccine dose (HCs n = 12; LTRs n = 11). Cut-off for positive responses is indicated by a dashed
line. Statistics: Mann-Whitney U test (A, B, D). HCs, healthy controls; LTRs, liver transplant recipients; OLPs, overlapping peptides.
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showed significantly lower numbers of spike-specific CD8+ T-
cell responses (Fig. 1B). For all positive responses, we identi-
fied the previously described optimal epitope restricted by an
HLA class | allele expressed by the respective individual. If no
HLA-matched epitope was previously described, we conduct-
ed an in silico prediction to determine the most likely amino
acid sequence and HLA class | restriction of the optimal
epitope. Using this comprehensive approach, we found a
reduced breadth of spike-specific CD8+ T-cell responses in the
cohort of LTRs compared to HCs (Fig. 1C). Of note, the herein
detected CD8+ T-cell epitopes for LTRs and HCs are largely
conserved in SARS-CoV-2 variants of concern (VOC), for
instance BA.1, BA.4/5 or BQ.1 (Fig. S5A,B).

Complementing the comprehensive analysis of the CD8+ T-
cell repertoire, we performed ex vivo peptide/MHC | tetramer-
based enrichment of spike-specific CD8+ T cells targeting
two immunodominant epitopes (A*02/S,g9.077 and A*03/Sz7g.
age) IN time point-matched samples 31-100 days after a third
SARS-CoV-2 mRNA vaccination in HCs (n = 12) and LTRs (n =
11). This method is limited to selected epitopes; however, it is
also very sensitive in detecting vaccine-induced CD8+ T-cell
responses.'® On the single-epitope level, LTRs showed signif-
icantly reduced frequencies of spike-specific CD8+ T cells
compared to HCs (Fig. 1D). Of note, reduced frequencies of
spike-specific CD8+ T cells in LTRs compared to HCs were
already detectable after the second dose of SARS-CoV-2
mRNA vaccination and were accompanied by significantly
lower expression levels of CD38 and T-BET (Fig. S6A, B). This
observation points towards reduced activation and subsequent
effector T-cell differentiation in LTRs compared to HCs.

Overall, our data indicate an impaired humoral and cellular
effector immune response characterized by a narrow CD8+ T-
cell repertoire and reduced frequencies of spike-specific CD8+
T-cell responses in LTRs vs. HCs after administration of three
doses of a SARS-CoV-2 mRNA vaccine.

Little effect of mMRNA booster vaccination on the cellular
effector response in LTRs

To determine the effect of repeated SARS-CoV-2 mRNA vac-
cine boosters on the effector arm of the adaptive immune
system, we analyzed spike-specific 1gG, the CD8+ T-cell
repertoire using OLPs and ex vivo frequencies of spike-specific
CD8+ T-cell responses applying peptide/MHC | tetramer-based
enrichment longitudinally at different time points after the
second, third and fourth vaccine dose. Overall, we found
significantly lower levels of spike-specific IgG in LTRs vs. HCs,
but a significant booster effect of repeated mMRNA vaccine
boosters that was more prominent in LTRs compared to HCs
(Fig. 2A). In contrast to the humoral immune response, the
number of spike-specific CD8+ T-cell responses remained
similar in LTRs and HCs tested longitudinally after two (HCs n =
9, LTRs n = 8), three (HCs n =9, LTRs n = 8) or four (HCs n = 2,
LTRs n = 3) vaccine doses using OLPs (Fig. 2B). In line with this
observation, the repertoire of spike-specific CD8+ T-cell re-
sponses showed a similar pattern in the three patients analyzed
longitudinally (Fig. 2C), indicating that repeated vaccine
boosters do not substantially induce de novo spike-specific
CD8+ T-cell responses.

On the single-epitope level, ex vivo frequencies of spike-
specific CD8+ T-cell responses against the immunodominant

1020

A*02/8259_277 and A*03/8378,385 epitopes were overall S|gn|f|—
cantly lower in LTRs compared to HCs but did not significantly
change after a third or fourth vaccine dose for either group
(Fig. 2D). Of note, in one LTR, a spike-specific CD8+ T-cell
response was only detectable after the fourth mRNA vaccine
dose (Fig. S7A), indicating that a subset of LTRs benefit from a
fourth vaccine dose. Taken together, the humoral vaccine
response is clearly boosted by a third and fourth vaccine dose
in LTRs, while the frequency of spike-specific CD8+ T-cell re-
sponses already reaches a plateau after the second vaccine
dose in most LTRs.

Robust immune memory formation in LTRs

To investigate the effect of mMRNA vaccination on the formation
of a spike-specific T-cell memory in LTRs, we then compared
the phenotype of spike-specific CD8+ T cells at 31-100 days
post third vaccination in LTRs (n = 10) vs. HCs (n = 12). t-
distributed stochastic neighbor embedding analysis of
concatenated phenotypic data including BCL-2, CCR7, CD27,
CD38, CD45RA, CD95, CD127, T-BET and TCF1 revealed a
strong overlap of spike-specific CD8+ T-cell phenotypes in
HCs and LTRs; however, with differences regarding expression
of T-BET or CD127 (Fig. 3A and Fig. S7B). In line, the memory
T-cell subset distribution of spike-specific CD8+ T cells was
slightly different in the two cohorts. LTRs showed significantly
higher percentages of central memory T cells (defined as
CD45RA-CCR7+CD27+) while HCs displayed significantly
higher percentages of effector memory cells (defined as
CD45RA-CCR7-CD27+) (Fig. S7C). We next assessed the
functional in vitro capacity of spike-specific CD8+ T cells in
LTRs vs. HCs. There was no significant difference in expansion
capacity, degranulation (represented by CD107a production) or
cytokine production (represented by IFNy production) between
spike-specific CD8+ T cells from LTRs and HCs after in vitro
expansion (Fig. 3B), pointing towards an intact recall capacity
of spike-specific CD8+ T cells from LTRs upon
optimal stimulation.

To more precisely quantify the spike-specific T-cell memory
pool irrespective of certain subsets, we next analyzed CD8+ T
cells highly expressing BCL-2 (BCL-2"). After a third vaccina-
tion, there was no difference in absolute calculated frequencies
of BCL-2" spike-specific CD8+ T cells in HCs vs. LTRs
(Fig. 3C), despite lower overall frequencies of spike-specific
CD8+ T cells in LTRs (Fig. 1D). The numbers and the activa-
tion/differentiation marker-footprint of BCL-2" spike-specific
CD8+ T cells in LTRs were similar after two, three or four
mRNA vaccinations (Fig. 3C,D). However, the phenotype
showed minor differences between HCs and LTRs, with a trend
towards higher expression of TCF-1 and CD127 in LTRs, while
the expression of T-BET was higher in HCs (Fig. 3D and
Fig. S7D, upper panels).

Next, we focused on the subset of T memory stem cells (T-
SCMs) which are important for long-term immunity. Despite
overall lower frequencies of spike-specific CD8+ T cells in
LTRs, frequencies of T-SCMs were similar in HCs and LTRs.
They remained constant after two, three or four mRNA vacci-
nations (Fig. 3E). The phenotype of T-SCMs was similar in the
two cohorts and also with respect to the longitudinal sampling
after two, three or four mRNA vaccine doses (Fig. 3F and
Fig. S7D, lower panels).
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Longitudinal development of spike-specific IgG levels
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Longitudinal development of the epitope repertoire
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controls; LTRs, liver transplant recipients; OLPs, overlapping peptides.

Taken together, the formation of a functional spike-specific
CD8+ T-cell memory pool seems to be intact in LTRs,
despite the overall reduced numbers and frequencies of spike-
specific CD8+ T cells. The spike-specific memory pool in LTRs
is constant over time without a clear booster or compromising
effect of the third or fourth vaccine dose.
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Similar breadth and frequencies of spike-specific CD4+

T cells in HCs and LTRs after mRNA vaccination

Next, to assess the coordinating helper arm of the adaptive
immune response in LTRs after mRNA vaccination, we used
OLPs to map spike-specific CD4+ T-cell responses after two
and three doses of SARS-CoV-2 mRNA vaccination. HCs and
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distributed stochastic neighbor embedding.

LTRs showed similar numbers of spike-specific CD4+ T-cell
responses after a third vaccine dose (Fig. 4A). In addition, the
breadth of the spike-specific CD4+ T-cell repertoire was similar
in LTRs and HCs after three vaccine doses (Fig. 4B). In LTRs
followed longitudinally after the second (n = 8), third (n = 8) and
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fourth (n = 3) vaccine dose, we did not observe a significant
increase in spike-specific CD4+ T-cell responses per patient
with repeated vaccinations, although some variation in the
number of responses was apparent (Fig. 4C). The pattern of the
targeted epitopes of spike-specific CD4+ T-cell responses in
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Fig. 4. Similar breadth of the spike-specific CD4+ T-cell epitope repertoire in LTRs and HCs after mRNA vaccination. (A) Numbers of CD4+ T-cell responses to
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the three LTRs followed longitudinally up to a fourth vaccination
was similar after two, three and four vaccine doses (Fig. 4D),
indicating that few spike-specific CD4+ T-cell responses were
induced de novo after repeated vaccine boosters. Importantly,
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up to 30% of the herein defined CD4+ T-cell epitopes for LTRs
and HCs are affected by amino acid substitutions in SARS-
CoV-2 VOC such as BA.1, BA.4/5 or BQ.1 (Fig. S8A,B). To
gain further insights into the characteristics of vaccine-induced
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spike-specific CD4+ T cells in LTRs, we subsequently stimu-
lated PBMCs using the spike-OLP-pool and analyzed the co-
expression of the activation-induced markers (AIM) CD137
and OX40. In line with the results described above, LTRs
showed similar frequencies of AIM+ CD4+ T cells after the third
vaccine dose compared to HCs (Fig. 4E,F). Furthermore, in
patients studied longitudinally, there was no significant in-
crease in the frequency of activated CD4+ T cells following the
third vaccine dose compared to the second dose (Fig. 4G). Our
data indicate that, in contrast to the spike-specific humoral and
CD8+ T-cell-mediated immune response, the overall spike-
specific CD4+ T-cell response in LTRs resembles its counter-
part in HCs after three SARS-CoV-2 mRNA vaccine doses, with
respect to frequencies and breadth.

Representative plot: Gating

B
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Altered subset distribution of spike-specific CD4+ T cells in
LTRs after mRNA vaccination is associated with impaired
adaptive effector responses
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immunosuppressive medication on vaccine-induced CD4+ T-
cell polarization, we analyzed the distribution of several CD4+
T-cell subsets within the population of spike-reactive CD4+ T
cells (gating strategy is depicted in Fig. S3). Spike-reactive
CD4+ T cells were defined as CD137+0X40+ (AIM+) CD4+ T
cells after stimulation with the spike-OLP pool.

We observed reduced frequencies of spike-reactive Tgy
cells in LTRs after the second mRNA vaccine dose (Fig. 5A,B).
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increase in the abundance of this population in longitudinally
analyzed LTRs (Fig. 5C,D). In contrast, only minor differences
were detectable with regard to other CD4+ T-cell subsets,
namely T helper (Ty)1 (CXCR5-CXCR3+CCR6-), Th17 (CXCR5-
CXCR3-CCR6+) and Ty1-like Ty17 (CXCR5-CXCR3+CCR6+)
cells, also considering the effect of booster vaccination
(Fig. S9A-I). Given the coordinative role of Tgy cells within the
adaptive immune system, we next wondered whether their
initial reduction in LTRs could be linked to the attenuated
vaccine-induced humoral response (Fig. 1A, Fig. 2A). To
address this question, we also assessed the neutralizing ca-
pacity of serum antibodies directed against the SARS-CoV-2
Wuhan and Omicron BA.4/5 variants in selected patients and
controls. Of note, the data obtained from the pseudovirus
neutralization assays for both variants strongly correlate with
the levels of spike-specific IgG (Fig. S10A,B). We noticed an
impaired neutralization capacity in LTRs compared to HCs
following the second vaccine dose (Fig. S10C,D). However, as
for the Ty cell frequencies, a significant increase in the median
serum ID50 became evident for both viral variants following the
third vaccine shot in LTRs (Fig. 5E,F). In line, the neutralization
capacity after the third vaccine dose was similar in LTRs and
HCs (Fig. 5G, H). Nonetheless, it is important to note that we
still detected a significantly reduced median serum ID50 for the
Omicron BA.4/5 variants compared to the Wuhan strain in both
LTRs and HCs (Fig. S10E).

Finally, when linking these results to the altered CD4+ T-cell
subset distribution in LTRs, positive correlations between the
frequency of spike-specific Tgy cells and the levels of spike-
specific IgG as well as the neutralization capacities against
the Wuhan and the Omicron BA.4/5 variants became evident
(Fig. 5I-K). Therefore, our data collectively indicate that an
imbalanced subset distribution among spike-reactive CD4+ T
cells might contribute to the impaired humoral immune
response after SARS-CoV-2 mRNA vaccination in LTRs.

Discussion

Our findings suggest that i) the long-term humoral and cellular
effector response up to 100 days post vaccination is numeri-
cally impaired in LTRs compared to HCs, while the induced
CD8+ T-cell memory phenotype is comparable in the two co-
horts; ii) an imbalanced subset distribution among spike-
reactive CD4+ T cells might contribute to the impaired
effector immune response after SARS-CoV-2 mRNA vaccina-
tion in LTRs; and iii) there is only a limited long-term booster
effect induced by a third or fourth vaccination especially on the
CD8+ T-cell response in LTRs, at least in the majority
of patients.

To our knowledge, this study is the first to comprehensively
analyze the landscape of vaccine-induced humoral and CD4+
and CD8+ T-cell responses after up to four SARS-CoV-2 mRNA
vaccine doses in LTRs. Our aim was to identify immunological
mechanisms that contribute to the impaired vaccine-induced
immune response. Of note, our work was not powered to
identify general risk factors for reduced humoral or cellular
vaccine responses among LTRs, which have already been
described.®'""*'* Established clinical characteristics associ-
ated with reduced antibody levels or overall spike-specific T-
cell responses are higher age, combined immunosuppressive
treatment and treatment with MMF >1 g/day.® Importantly,
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donors with these risk factors were prevalent in our cohort, with
the majority (18/24) of patients receiving combined immuno-
suppression, 64% receiving MMF and 24% receiving MMF
doses >1 g/d.

In line with previous reports, we detected a lower humoral®
and cellular’’ immunogenicity of the SARS-CoV-2 mRNA
vaccination in the vulnerable group of LTRs compared to HCs.
Our phenotypical analysis of the spike-specific CD8+ T-cell
response adds the important finding that an intact stem cell
memory population of spike-specific CD8+ T cells, similar to
HCs, is already induced after two mRNA vaccine doses in most
LTRs despite the numerical impairment. This memory popula-
tion is especially relevant for long-term immunity and thus
maintenance of T-cell memory.'®

With regard to vaccine-induced CD4+ T cells, the impor-
tance of virus-specific CD4+ T-cell help for the coordination of
the adaptive immune response is well established.'® In addition
to Ty1 cells, a subset of particular interest in this regard are Ty
cells. Notably, despite an overall comparable quantity and
breadth of spike-specific CD4+ T cells in both cohorts, we
observed lower frequencies of Tgy cells in LTRs, particularly
after the second vaccine dose. While their role in organizing the
humoral response has already been emphasized by multiple
studies,?® recent findings also suggest that Tgy cells are
involved in the maintenance of the effector CD8+ T-cell
response.’’?? In line with these results, we noticed a correla-
tion between the amounts of spike-specific Ty cells and the
levels of S-IgG, as well as the neutralization capacity against
the SARS-CoV-2 Wuhan and Omicron BA.4/5 variants. Hence,
the decreased number of Try cells in LTRs after two vaccine
doses might be linked to the impaired humoral response,
similar to observations in kidney transplant recipients.?®
Importantly, however, the application of a third vaccine dose
increased the levels of Ty cells, S-IgG and the neutralization
capacity in LTRs. Therefore, our findings suggest a benefit of
repetitive vaccinations, especially concerning the humoral im-
mune response, in this patient group.

In contrast to recent studies,®'* we only observed a small
booster effect on the spike-specific CD4+ and CD8+ reper-
toire or the frequency of spike-specific CD8+ T cells after a
third or fourth mRNA vaccine dose. This might be due to
diverging timing of sampling between the different studies:
Indeed, the data from Davidov et al.'® and Harberts et al.,'
demonstrating increased T-cell-mediated IFNy production
after booster vaccination, were collected within the peak
effector phase (21-28 days and 12-21 days after booster
vaccination, respectively). Our study, however, focused on the
spike-specific T-cell epitope repertoire and spike-specific
CD8+ T-cell memory pool within a more resting memory
phase after two, three and four mRNA vaccine doses in LTRs.
In HCs, this long-term spike-specific CD8+ T-cell memory
pool remained conserved upon repeated vaccination, while a
transient activation and expansion was elicited shortly after
booster vaccination.'® In addition, the spike-specific CD8+
and CD4+ T-cell repertoire in HCs was stable within 6 months
after mRNA vaccination and remained unaffected throughout
multiple vaccinations.?® Our current data suggest that mRNA
vaccination may induce similar kinetics in LTRs, with transient
activation after booster vaccination and the formation of a
stable long-term spike-specific T-cell memory. Interestingly,
one LTR developed a spike-specific CD8+ T-cell response
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above the detection threshold only after a fourth vaccine
dose, arguing for a possible individual booster benefit in
some LTRs.

Notably, the findings of our study are limited since, due to
the complexity of the applied methods and the availability of
suitable samples, we were only able to analyze a small number
of patients, especially compared to studies with a more clinical
focus. This not only impedes conclusions regarding potential
risk factors (for example), but also limited our analyses
regarding the frequency and phenotype of vaccine-induced
CD8+ T cells to subsets directed against two different epi-
topes within the spike protein. However, considering the
immunodominance of these epitopes,® it is very likely that our
experiments are still conclusive.

In sum, we demonstrate that COVID-19 mRNA vaccination
induces an overall robust humoral and cellular memory
response in LTRs. Compared to HCs, development of high

antibody titers requires a third vaccine dose in most LTRs,
while spike-specific CD8+ T cells with robust recall capacity
plateau after the second vaccine dose, albeit with a reduced
frequency and epitope repertoire compared to HCs. This overall
attenuated vaccine response is linked to a reduced Tgy cell
frequency in LTRs. These results have important clinical im-
plications: i) SARS-CoV-2 mRNA vaccination is a valuable
preventive tool for the vulnerable cohort of LTRs, as it induces a
robust memory immune response, ii) a third vaccine dose is of
clear benefit for the majority of LTRs, and iii) additional booster
doses may be of benefit for individual patients who have not
adequately responded to the first three doses and may also be
required depending on the evolution of viral VOC. The variance
of vaccine response between LTRs also argues for the estab-
lishment of standardized and widely available assays to assess
the cellular vaccine response in individuals with compro-
mised immunity.
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