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Among heart transplant (HT) recipients, a reduced immunological response to SARS-CoV-
2 vaccination has been reported. We aimed to assess the humoral and T-cell response to
SARS-CoV-2 vaccination in HT recipients to understand determinants of immunogenicity.
HT recipients were prospectively enrolled from January 2021 until March 2022. Anti-
SARS-CoV-2-Spike IgG levels were quantified after two and three doses of a SARS-CoV-
2 vaccine (BNT162b2, mRNA1273, or AZD1222). Spike-specific T-cell responses were
assessed using flow cytometry. Ninety-one patients were included in the study (69%male,
median age 55 years, median time from HT to first vaccination 6.1 years). Seroconversion
rates were 34% after two and 63% after three doses. Older patient age (p = 0.003) and
shorter time since HT (p = 0.001) were associated with lower antibody concentrations after
three vaccinations. There were no associations between vaccine types or
immunosuppressive regimens and humoral response, except for prednisolone, which
was predictive of a reduced response after two (p = 0.001), but not after three doses (p =
0.434). A T-cell response was observed in 50% after two and in 74% after three doses.
Despite three vaccine doses, a large proportion of HT recipients exhibits a reduced
immune response. Additional strategies are desirable to improve vaccine immunogenicity
in this vulnerable group of patients.
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INTRODUCTION

The clinical management of heart transplant (HT) recipients
during the ongoing COVID-19 (coronavirus disease 2019)
pandemic has been challenging, as these patients are at high
risk of severe clinical impairment and adverse outcomes
upon infection with severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) (1–3). Several vaccines with
high efficacy against SARS-CoV-2 infection and good safety
profiles have been approved, including the mRNA-based
vaccines BNT162b2 (Tozinameran, Pfizer-BioNTech, New
York City, USA/Mainz, Germany) and mRNA1273
(Spikevax, Moderna, Cambridge, USA), and the non-
replicating viral vector vaccine AZD1222 (Vaxzevria,
AstraZeneca, Cambridge, United Kingdom) (4–6).
Vaccination of HT recipients has been recommended by the
International Society for Heart and Lung Transplantation
(ISHLT) (7). However, as immunocompromised individuals
have been largely excluded from clinical trials, there is a
paucity of data on the immunological response after
vaccination of solid organ transplant (SOT) recipients.

Recent studies have reported a reduced humoral response to
SARS-CoV-2 vaccination in SOT recipients (8–13), who may
have an especially low probability for seroconversion after two
vaccine doses compared to other immunocompromised patients
(13). Seroconversion rates in HT recipients after two doses vary
widely in the current literature (from 10% to 75%) (9–12,14). To
improve vaccine responses, the ISHLT currently recommends
three doses of an mRNA vaccine as primary series (15).
Additional booster doses have been proposed and modification
of immunosuppressive regimens are being investigated in

ongoing trials (16,17). Impaired humoral responses have been
associated with older patient age, shorter time since
transplantation, and immunosuppression with anti-metabolite
agents such as mycophenolate mofetil (9,10,14). In addition to
circulating antibodies, T-cell activity is an important component
of the immune response against SARS-CoV-2 infection (18,19).
So far, only few studies have analyzed T-cell immunity in
vaccinated HT recipients (14,20,21).

Here, we report quantification of the humoral and T-cell
response after a second and third dose of a COVID-19 vaccine
in a consecutive cohort of heart transplant patients seen at a large
transplant center. We also report determinants of vaccine
response in this cohort.

PATIENTS AND METHODS

Study Participants and Data Collection
From January 2021 until March 2022, we enrolled HT
recipients that presented to the HT outpatient clinic of
the University Heart & Vascular Center Hamburg, a large
tertiary care center. Clinical variables including age, sex,
date of transplantation, immunosuppressive medications,
renal function via estimated glomerular filtration rate
(eGFR) and history of diabetes were assessed at time of
registration.

Participants had previously received two doses of the mRNA-
based vaccines BNT162b2 (Pfizer-BioNTech) and mRNA-1273
(Moderna), or the viral vector-based AZD1222 (AstraZeneca)
vaccine. After each the second and the third vaccination, anti-
SARS-CoV-2 IgG concentrations in the blood serum and, in a
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subset of patients, spike-specific T-cell responses were assessed
during routine ambulatory follow-up visits. Vaccinations had
been administered by the patients’ primary care physicians or
by specialized vaccination centers in accordance with the
German prioritization guidelines and recommendations of
the standing vaccination committee (STIKO) (22). We did
not include any HT recipients with a known history of
COVID-19 prior to the first sampling timepoint. Also, if a
participant developed COVID-19 after the first samples were
taken, all measurements obtained after infection were excluded
from the analysis (Figure 1). Accordingly, we did not include
any measurements after administration of therapeutic
monoclonal antibodies against SARS-CoV-2 in our analysis.
Rates of COVID-19 infection during the study period were
low, with only 7 cases reported after at least one antibody
measurement. The study was approved by the local ethics
committee (PV 6079) and conducted in concordance with

the Declaration of Helsinki. Written informed consent was
provided by all participants.

Assessment of SARS-CoV-2
Vaccine-specific Humoral and T-cell
Response
We assessed the vaccine-specific humoral response after a median
of 42 days (interquartile range [IQR] 29.0–98.8) after the second
vaccination (“pre-booster”) and 39.5 days (28.0–62.0) after the
third vaccination (“post-booster”). The DiaSorin LIAISON XL
anti-SARS-CoV-2 TrimericS IgG ChemiLuminescent
ImmunoAssay (sensitivity 99.4%, specificity 99.8%) (23) was
used to quantitatively determine the anti-SARS-CoV-2-Spike
IgG (anti-S Trimer) levels. As proposed by the manufacturer,
positive humoral response was defined by an anti-S Trimer IgG
concentration of ≥33.8 BAU/mL (23).

FIGURE 1 | Overview of the study population.
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The spike-specific T-cell response was assessed using an
activation-induced marker assay (AIM) similar to previous
studies (24,25). In detail, peripheral blood mononuclear cells
were isolated from EDTA-blood via density gradient
centrifugation (Lymphocytes Separation Media, Capricorn
Scientific, Ebsdorfergrund, Germany) and frozen at −80°C.
After thawing, a minimum of 1 × 106 cells were stimulated
with an overlapping 15-mer peptide pool derived from the full
sequence of the SARS-CoV-2 spike glycoprotein (PepMixTM

SARS-CoV-2 Spike Glycoprotein, JPT Peptide Technologies,
Berlin, Germany) or left unstimulated for 18 h at 37°C after
adding 1 μL Ultra-LEAFTM purified anti-human
CD40 antibody (BioLegend, San Diego, USA). Cells were
stained with antibody-mix for the detection of surface
molecules (see Supplementary Table S1 for antibodies used).
All samples were analyzed on a BD FACS Canto II, and FlowJo
version 10.8.0 (BD Biosciences, Franklin Lakes, USA) was used
for the flow cytometric analysis (see Supplementary Figure S1
for gating strategy).

In accordance with a previous study on T-cell immunity after
SARS-CoV-2 vaccination using a similar assay (25), a positive

T-cell response was defined by a stimulation index
(SI) ≥2 calculated by dividing CD154+CD137+CD4+ T-cells in
the stimulated samples by the corresponding cells in the
unstimulated samples. SIs below 1 were set to 1.

Statistical Analysis
Continuous variables are presented as median with interquartile
range (25th percentile to 75th percentile), and categorical
variables as absolute numbers (relative frequencies). Pearson’s
Chi-squared test, the Wilcoxon rank sum test and Fisher’s exact
test were used to investigate the effect of the type of vaccine,
vaccination regimen, and immunosuppressive agents on the
immune response.

We analysed the association of several non-modifiable
characteristics with antibody levels and seroconversion rates,
namely patient age at first vaccine dose, sex, the timespan
between vaccination and serological measurements, and
timespan from HT to the first vaccination, and performed
multivariable analyses (logistic and Tobit regression analyses)
to identify determinants of seroconversion. Further, we used a
Tobit regression model to account for values below the limit of

TABLE 1 | Baseline characteristics.

Overall, N = 91a Sex

Female, N = 28a Male, N = 63a

Clinical characteristics
Patient age at first vaccine dose [years] 55 [48.5, 61] 54 [41.8, 60] 55 [50.5, 62]
Time from HT to first dose [years] 6.1 [1.6, 13.2] 4.3 [1.7, 10.6] 7.2 [1.5, 13.2]
Time between first and second dose [days] 42.0 [35.0, 42.0] 42.0 [38.5, 42.2] 41.0 [35.0, 42.0]
Time between second dose and first antibody measurement [days] 42.0 [29.0, 98.8] 37.0 [27.0, 94.8] 44.5 [32.5, 94.2]
Time between third vaccination and second antibody measurement [days] 39.5 [28.0, 62.0] 32.5 [24.2, 75.8] 41.0 [32.8, 48.2]
History of type 2 diabetes mellitus 27 (30%) 5 (18%) 22 (35%)
Estimated glomerular filtration rate (eGFR [mL/min]) 49.0 [34.0, 69.0] 46.5 [33.2, 62.0] 52.0 [34.0, 69.0]

Immunosuppressive therapy
Everolimus use 67 (74%) 22 (79%) 45 (71%)
Cyclosporine use 15 (16%) 4 (14%) 11 (17%)
Mycophenolate mofetil use 41 (45%) 8 (29%) 33 (52%)
Prednisolone use 49 (54%) 16 (57%) 33 (52%)
Tacrolimus use 62 (68%) 23 (82%) 39 (62%)

CNI regimen
Regimen containing CNI 77 (85%) 27 (96%) 50 (79%)
CNI-free regimen 14 (15%) 1 (3.6%) 13 (21%)

Drug combinations
Tacrolimus + Everolimus + Prednisolone 24 (26%) 11 (39%) 13 (21%)
Tacrolimus + Everolimus 21 (23%) 8 (29%) 13 (21%)
Tacrolimus + Mycophenolate mofetil + Prednisolone 8 (8.8%) 1 (3.6%) 7 (11%)
Tacrolimus + Mycophenolate mofetil 7 (7.7%) 2 (7.1%) 5 (7.9%)
Tacrolimus + Everolimus + Mycophenolate mofetil + Prednisolone 2 (2.2%) 1 (3.6%) 1 (1.6%)
Cyclosporine A + Mycophenolate mofetil + Prednisolone 5 (5.5%) 2 (7.1%) 3 (4.8%)
Cyclosporine A + Mycophenolate mofetil 4 (4.4%) 1 (3.6%) 3 (4.8%)
Cyclosporine A + Everolimus + Prednisolone 3 (3.3%) 1 (3.6%) 2 (3.2%)
Cyclosporine A + Everolimus + Mycophenolate mofetil 1 (1.1%) 0 1 (1.6%)
Cyclosporine A + Everolimus 2 (2.2%) 0 0
Everolimus + Mycophenolate mofetil + Prednisolone 7 (7.7%) 0 7 (11%)
Everolimus + Mycophenolate mofetil 7 (7.7%) 1 (3.6%) 6 (9.5%)

aMedian [IQR] or Frequency with number (%); Missing data excluded.
Continuous variables with few values and/or few different values are shown as categorical.
HT heart transplantation; CNI calcineurin inhibitor.
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detection of the assay used (<4.81 BAU/mL, which affected n =
34 after two and n = 21 after three vaccine doses). The Tobit
model is a special case of the more general censored regression
model and is designed to estimate linear relationships between
variables when there is either left- or right-censoring in the
dependent continuous variable (26,27).

Antibody concentrations were log-transformed for linear and
Tobit regression analysis. For logistic regression models, we used
themanufacturer’s threshold for antibody positivity (≥33.8 BAU/mL)
to differentiate between positive and negative antibody responses, as
described above. The effect of immunosuppressive agents on
seroconversion rates was assessed in multivariable logistic
regression analyses adjusting for age at first vaccine dose, sex, and
an interaction effect between the two. The effect of prednisolone use
on IgG concentrations was also studied adjusting for the timespan

from HT to vaccination (in addition to age and sex) in a Tobit linear
regression model since prednisolone is often included in
immunosuppressive regimens in the first years after HT.

A two-tailed p-value <0.05 was considered statistically
significant. All calculations were made using statistical
computing software R (Version 4.0.5.) (28).

RESULTS

Baseline Characteristics
Of 99 patients screened, 8 patients were excluded due to a SARS-
CoV-2 infection prior to the first serologic assessment, resulting in
a total of 91 HT recipients to be included in the study. Sixty-three
patients were male (69%) and 28 female (31%). Median age was
55 years (IQR 48.5–61) and median time from HT to first
vaccination was 6.1 years (1.6–13.2). Seventy-seven patients
(85%) were treated with calcineurin inhibitors (62 [68%] with
tacrolimus and 15 [16%] with ciclosporin), 41 (45%) with
mycophenolate, 67 (74%) with everolimus and 49 (54%) with
low-dose prednisolone (generally 5 mg per day). Forty-one patients
(45%) were on dual, 48 (53%) on triple, and 2 (2%) on quadruple
immunosuppressive therapy. All patients on a triple therapy
regimen except for one received prednisolone. The most
common immunosuppressive regimen was everolimus
combined with tacrolimus, with or without prednisolone
(24 patients [26%] and 21 patients [23%], respectively). A
history of diabetes was reported in 27 patients (30%), and
median eGFR was 49.0 mL/min (IQR 34.0–69.0) (Table 1).
Antibody concentrations were available in 82 participants after
two and in 70 participants after three vaccine doses.

Details of SARS-CoV-2 Vaccination
All patients screened received at least two SARS-CoV-
2 vaccinations. Most participants (79%) received BNT162b2 as
their first and second vaccine doses, while 11% received two doses

FIGURE 2 | SARS-CoV-2 vaccine regimens. BNT162b2 Tozinameran, Pfizer-BioNTech; mRNA-1273 Spikevax, Moderna; AZD1222 Vaxzevria, AstraZeneca.

FIGURE 3 | Anti-Spike IgG and SI after two and three doses. SI
Stimulation index.
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of mRNA-1273. Of the 9 patients (9.9%) vaccinated with a first
dose of AZD1222 (AstraZeneca), only 6 received a second dose of
AZD1222, whereas the other 3 were switched to BNT162b2 as the
second vaccine. The median time span between the two primary
vaccinations was 42 days (35.0, 42.0). Regarding the third
vaccination, more than two thirds (68%) received a third dose
of an mRNA vaccine matching the primary vaccination
(homologous vaccine regimen), while 32% were switched from
BNT162b2 to mRNA-1273 or vice versa. Patients that had
received two doses of AZD1222 received an mRNA-based
vaccine as their third dose, either BNT162b2 (6.2%) or
mRNA-1272 (1.2%) (Figure 2).

More than half of the patients (52%) reported no (solicited or
unsolicited) vaccination-associated adverse event whatsoever.
Systemic reactogenicity was reported by 29.2%, including
fatigue (16%), fevers and chills (5.5%), headaches (4.4%) and
myalgia (3.3%), and local reactogenicity in the form of pain at the
injection site by 27%. There were no vaccine-related adverse
events requiring professional medical attention in our cohort.

Humoral and Spike-Specific T-Cell
Response
After two vaccine doses, a positive humoral response could be
detected in 31 out of 82 patients (37.8%), and the median
antibody concentration was 74.6 BAU/mL (14.9–358.0). After
three doses, the median antibody concentration was 553.0
BAU/mL (80.1–1,400.0), and the number of participants
with seroconversion rose to 44 out of 70 in which antibody
concentrations were measured (62.9%). A third vaccine dose
nearly doubled the probability of a positive humoral response
(Figure 3).

The spike-specific T-cell response was measured in a subset of
49 patients: In 18 patients after two vaccine doses, and in
39 patients after three doses (data after both two and three
doses were available for 8 patients). A positive T-cell response

was observed in 9 out of 18 patients after two doses (50%),
compared to 29 out of 39 patients (74%) after three doses.
Interestingly, out of these 29 patients with a detectable T-cell
response, 8 (28%) did not show a humoral response (Table 2).

Predictors of Immunogenicity
In multivariable logistic regression analyses, higher patient age
at vaccination was identified as a predictor of lower
seroconversion rates (odds ratio [OR] 0.95, 95% confidence
interval [CI] 0.91–0.99, p = 0.013), whereas a longer timespan
from HT to vaccination was a predictor of higher
seroconversion rates (OR 1.1, 95% CI 1.02–1.19, p = 0.018)
after additional adjustment for patient sex. While seropositivity
was observed in 14 out of 26 (54%) female and 17 out of 56
(30%) male participants (p = 0.041) in which data were available
after two vaccine doses, this difference was not preserved after
adjusting for age and timespan from last vaccination to antibody
measurement in a multivariable logistical regression model (p =
0.085). Here, sex alone was not an independent predictor of an
impaired response to vaccination. When sex was interacting
with age, however, we saw a trend that middle-aged men
reached a positive antibody response more frequently than
women, but this effect reversed with increasing age (see
Supplementary Figure S2). Above the age of 55, women
may have reached a positive antibody response more
frequently than men. After three doses, there was no
significant sex-related difference in antibody positivity overall
(p = 0.247) and in the same regression model (p = 0.321). The
timespan from last vaccine dose to antibody measurement was
not an independent predictor of antibody response after two
(p = 0.132) or three doses (p = 0.756) after adjustment for age
and sex in another logistic regression model.

Using a pre-defined threshold for severe renal impairment of
an eGFR <30 mL/min, we could not detect a significant influence
of eGFR on log-transformed anti-Spike IgG levels after adjusting
for age and timespan from HT to vaccination in a Tobit

TABLE 2 | Humoral and spike-specific T-cell response for the whole study population.

Overall, N = 91a Sex p-valueb

Female, N = 28a Male, N = 63a

Humoral response
Anti-SARS-CoV-2 spike IgG after 2nd dose [BAU/mL]c (n = 48) 74.6 [14.9, 358.0] 113.0 [45.7, 234.0] 59.2 [14.4, 473.0] 0.520
Seroconversiond after 2nd dose (n = 82) 31/82 (38%) 14/26 (54%) 17/56 (30%) 0.041
Anti-SARS-CoV-2 spike IgG after 3rd dose [BAU/mL]c (n = 49) 553.0 [80.1, 1,400.0] 675.0 [131.0, 1,400.0] 456.0 [77.9, 1,332.5] 0.535
Seroconversiond after 3rd dose (n = 70) 44/70 (63%) 16/22 (73%) 28/48 (58%) 0.247

Spike-specific T-cell response
SI after 2nd dose (n = 18) 2.2 (1.0, 7.6) 2.7 (1.1, 7.7) 2.0 (1.0, 6.1) 0.5
Positive response after 2nd dose (n = 18) 9/18 (50%) 4/7 (57%) 5/11 (45%) >0.9
SI after 3rd dose (n = 39) 5 (2, 12) 6 (3, 15) 4 (2, 11) 0.3
Positive response after 3rd dose (n = 39) 29/39 (74%) 12/14 (86%) 17/25 (68%) 0.3

aMedian [IQR] or Frequency with number (%); Missing data excluded.
bWilcoxon rank sum test; Fisher’s exact test; Pearson’s Chi-squared test; Wilcoxon rank sum exact test.
cAnti-SARS-CoV-2 spike IgG calculated without non-measurable patients.
dAnti-SARS-CoV-2 spike IgG ≥33.8 BAU/mL.
Continuous variables with few values and/or few different values are shown as categorical.
SI, stimulation index.
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TABLE 3 | Logistic regression results for the association between the two-dose or three-dose antibody positivity outcome and exposure to immunosuppressive drug use, adjusted for age at first vaccination and sex as an
interaction term.

Antibody positivity after two vaccine doses (n = 82)

Predictors OR p OR p OR p OR p OR p OR p OR p

Age at first
vaccine dose

1.04
(0.98–1.11)

0.240 1.03
(0.97–1.10)

0.303 1.04
(0.98–1.11)

0.210 1.03
(0.97–1.10)

0.322 1.01
(0.95–1.09)

0.656 1.04
(0.98–1.11)

0.172 1.03
(0.98–1.10)

0.266

Male sex 791.10
(9.48–138251.09)

0.006 749.86
(8.31–141907.54)

0.007 958.61
(10.61–185645.85)

0.005 867.15
(8.97–175602.99)

0.006 194.23
(1.61–51378.07)

0.043 1,386.33
(14.29–292694.91)

0.004 964.21
(10.69–186659.88)

0.005

Age at first
vaccine dose *
Male sex

0.86
(0.78–0.94)

0.001 0.87
(0.78–0.94)

0.002 0.86
(0.78–0.94)

0.001 0.86
(0.78–0.94)

0.002 0.89
(0.80–0.97)

0.012 0.86
(0.78–0.93)

0.001 0.86
(0.78–0.94)

0.002

Everolimus use 2.05
(0.62–7.60)

0.255

Cyclosporine
A use

0.67
(0.12–3.29)

0.633

Mycophenolate
use

0.37
(0.12–1.09)

0.078

Prednisolone use 0.12
(0.03–0.38)

<0.001

Tacrolimus use 2.35
(0.69–9.14)

0.188

Use of any
calcineurin
inhibitor

3.12
(0.59–26.35)

0.224

Antibody positivity after three vaccine doses (n = 70)

Predictors OR p OR p OR p OR p OR p OR p OR p

Age at first vaccine dose 1.00
(0.93–1.06)

0.913 1.01
(0.94–1.07)

0.817 0.99
(0.93–1.06)

0.870 1.00
(0.94–1.07)

0.883 0.99
(0.92–1.05)

0.707 0.99
(0.93–1.06)

0.867 1.00
(0.93–1.06)

0.920

Male sex 1.17
(0.01–101.76)

0.944 1.48
(0.01–138.00)

0.867 1.17
(0.01–103.15)

0.945 1.62
(0.01–155.78)

0.837 1.00
(0.01–103.15)

1.000 1.18
(0.01–103.84)

0.943 1.18
(0.01–102.10)

0.943

Age at first vaccine dose *
Male sex

0.99
(0.91–1.07)

0.742 0.98
(0.91–1.07)

0.692 0.99
(0.91–1.07)

0.750 0.98
(0.91–1.07)

0.717 0.99
(0.91–1.08)

0.806 0.99
(0.91–1.07)

0.735 0.99
(0.91–1.07)

0.731

Everolimus use 3.10
(1.01–10.01)

0.051

Cyclosporine A use 1.18
(0.28–5.52)

0.828

Mycophenolate use 0.41
(0.13–1.19)

0.106

Prednisolone use 0.34
(0.11–0.95)

0.046

Tacrolimus use 0.82
(0.27–2.45)

0.730

Use of any calcineurin inhibitor 0.87
(0.23–3.10)

0.832

OR, odds ratio.
Antibody positivity: anti-SARS-CoV-2 spike IgG concentration ≥33.8 BAU/mL.
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regression model. Of note, only 13 patients in our cohort had an
eGFR below this threshold. While a history of type 2 diabetes
mellitus (T2DM) was reported in 27 patients (30%), the median
age in this group was higher compared to non-diabetic HT
recipients (60 years [IQR 54.5–63] vs. 54 years [41–60], p =
0.007). T2DM was not predictive of seropositivity after three
vaccine doses (p = 0.3), even when adjusting for patient age in a
logistic regression analysis.

The vaccine types, and whether a homologous or heterologous
scheme was used, did not influence the humoral response to the
second or third vaccine dose, respectively. These results persisted
in a logistic regression analysis comparing seropositivity rates
after homologous and heterologous vaccine schemes, adjusting
for age and sex (OR 1.24, 95% CI 0.41–3.87, p = 0.707).

In a multivariable logistic regression model adjusting for age,
sex and the interaction effect between both these variables,
prednisolone intake was associated with lower seroconversion
rates after both two (OR 0.12, 95% CI 0.03–0.38, p < 0.001) and
three vaccine doses (OR 0.34, 95% CI 0.11–0.95, p = 0.046,
Table 3). Similar results were seen in a Tobit linear regression
model with log-transformed anti-spike IgG concentrations as the
outcome variable (see Supplementary Table S3). Patients on a
three-drug immunosuppressive regimen exhibited a lower
seropositivity rate after two doses (OR 0.09 [0.02–0.28], p <
0.001 after adjusting for age and sex), while a trend towards a
lower immunogenicity after the third dose remained (OR
0.37 [0.12–1.06], p = 0.071). In contrast, everolimus intake was
associated with an increased antibody response after three (but
not after two) doses in the univariable logistic regression analyses
and the Tobit linear regressionmodel (see Supplementary Tables
S2, S3), but this effect did not meet statistical significance in the
logistic regression model (OR 3.1 [1.01–10.01], p = 0.051, see
Table 3). Other immunosuppressive agents, including
mycophenolate, did not affect humoral responses (Table 3).
After two vaccine doses, the predictive effect of prednisolone
was preserved even after adjusting for the timespan from HT to
vaccination (p = 0.001). Conversely, after three vaccine doses and

adjusting for the same variables, there was no significant influence
of prednisolone intake (p = 0.434).

Regarding the spike-specific T-cell responses, no association
between either of the non-modifiable predictors mentioned above
or the immunosuppressive regimen and the SI after three vaccine
doses could be established.

DISCUSSION

This report details the humoral and cellular immune response to
up to three SARS-CoV-2 vaccinations in a large, consecutive
cohort of HT patients. We observed seroconversion rates of 34%
and 63% and a T-cell response in 50% and 74% after two and
three vaccine doses, respectively. Higher age and shorter time
since transplantation were identified as predictors of
seroconversion, while there was no association with vaccine
type and type of immunosuppressive therapy.

While all approved SARS-CoV-2 vaccines have repeatedly and
thoroughly proven to be safe in use (4–6), no serious adverse
events related to vaccination were reported in our cohort.
Vaccine-related effects like injection-site reactions or fever
were less frequently observed compared to rates reported in
these trials. Apart from safety issues, there has been ongoing
debate about their immunogenicity and efficacy in
immunocompromised individuals (10,11,13). The low
seroconversion rates observed after two vaccine doses are in
line with findings from recent studies (9,10,12), and lower
than in the general population (29). Impaired vaccine
responses in SOT recipients (30,31) and immunocompromised
patients in general (32) have been well documented before the
SARS-CoV-2 pandemic, and linked to both the primary disease-
associated morbidity, the immunosuppressive medications or a
combination of both. The diminished humoral response in HT
recipients after SARS-CoV-2 vaccination has been shown to
improve upon a third dose (20), which is strongly supported
by our results. A significant subgroup of patients remains without
detectable antibodies and thus in desperate need for additional
strategies in terms of prevention from infection with SARS-CoV-
2 and protection against severe course of the disease (13).

We identified several non-modifiable predictors for an impaired
humoral response, including higher patient age, and a shorter
timespan from HT to vaccination. This is consistent with previous
reports (10,14). The former may be associated with a generally
suboptimal antibody and T-cell response after SARS-CoV-
2 vaccination among the elderly (33), while the latter may be
related to a more intensive immunosuppressive therapy in the first
years after HT, with most patients being on triple
immunosuppressive therapy (14). In our study, prednisolone
was in almost all cases used within a triple immunosuppressive
regimen, so our observations regarding the association of
prednisolone and 3-drug regimens with the humoral response
before and after the third vaccination support the consistency of
our findings, and suggest that additional booster doses may help
attenuate or even overcome certain inhibitory effects of
immunosuppressive agents (or triple combinations) on antibody
production. Previous studies in SOT recipients reported an

FIGURE 4 | Percentage of positive vs. negative T-cell responses in
relation to antibody response after 3rd vaccine dose.
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impaired response after two vaccine doses in patients on
mycophenolate mofetil (9,11), especially when higher doses
were used (32), which is not supported by our data. In contrast,
our findings suggest a positive effect of everolimus use on vaccine-
induced immunogenicity. However, further research is warranted,
especially regarding multiple booster doses, before
recommendations on adjustments or withdrawal of
immunosuppressive drugs can be deduced.

While antibody production represents a major mechanism
of vaccine-induced immunogenicity, eliciting a T-cell response
is considered important for long-term protection against
severe disease after SARS-CoV-2 vaccination (34). To date,
data on vaccine-induced cellular immunity in HT recipients is
scarce. While overall T-cell response rates were slightly higher
than antibody seroconversion rates in our cohort, 28% of
patients with a positive T-cell response were seronegative
after three doses (Figure 4; Table 4). This is consistent with
a previous study that reported a significant proportion of HT
recipients to remain seronegative after two doses although
showing a positive T-cell response (21). While the clinical
impact of seronegativity in light of an existing cellular response
remains unclear, there is consensus on the increased
vulnerability of patients without any type of response (21).
SOT recipients at high risk for or suspected insufficient
immunogenicity despite repeated vaccination may benefit
from recently introduced pre-exposure prophylaxis (PrEP)
using monoclonal antibodies (mABs) like AZD7442 (35).
Further studies are needed to establish both the role of
multiple additional vaccine doses in non-responders and
assess the protective ability of mABs with different variants
of concern currently circulating, which have not been present
during phase 3 vaccine trials.

Strengths and Limitations
There are several advantages inherent to the single-center nature
of the data, such as the consecutive enrollment of study
participants, complete data capture and the homogeneous
management regimen. On the other hand, the small sample
size limits statistical power and generalizability of the findings.
The small case number of COVID-19 infections of participants
during the study period (see Figure 1) also limits statistical
analysis of the available serology and/or T-cell data prior to

infection and precludes evaluation of vaccine efficacy in this
cohort.

In our study, the activation-induced marker assay for the
assessment of the specific T-cell response was only applied in a
subset of patients, which might have influenced conclusions on
the interaction between cellular and humoral immunity. While
rates of reported SARS-CoV-2 infection during the study period
were low in our population, we did not assess antibody levels to
SARS-CoV-2 nucleocapsid protein and thus cannot exclude
undetected or asymptomatic infections prior to sample
acquisition.

Conclusion
Despite ISHLT-recommended SARS-CoV-2 vaccination
schedules, a significant proportion of HT recipients exhibit
insufficient humoral and T-cell responses. Patient age and
time since transplantation predict lower immunogenicity, but
inhibitory effects of prednisolone (within 3-drug
immunosuppressive regimens) on antibody production may be
attenuated through booster vaccination. More data on the effect
of immunosuppressive agents on immune response is warranted
to improve management of this exceptionally vulnerable group of
patients.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The Ethics Committee of the Hamburg Chamber of
Physicians (Ethikkommission der Ärztekammer Hamburg). The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

FM and SK: Research design, data collection, analysis, and
interpretation, manuscript preparation. KB: Statistical analysis,
data visualization, and interpretation, critical revision of the
manuscript. PK, HR, and SB: Critical revision of the
manuscript. PD: Data collection, data analysis and
interpretation. ML: Data collection and interpretation. MB, FB,
NF, PB, CK, and AB: Critical revision of the manuscript. CM and
MR: Research design, data collection, analysis, and interpretation,
manuscript preparation.

CONFLICT OF INTEREST

SK received scholarship funding from the German Academic
Scholarship Foundation and the German Centre for

TABLE 4 | T-cell response after three vaccine doses in relation to humoral
response.

Overall,
n = 39a

Spike-specific T-cell
response

p-valueb

Negative,
n = 10a

Positive,
n = 29a

Antibody
positivity

0.3

Negative 13 (33%) 5 (50%) 8 (28%)
Positive 26 (67%) 5 (50%) 21 (72%)

an (%).
bFisher’s exact test.

Transplant International | Published by Frontiers February 2023 | Volume 36 | Article 108839

Memenga et al. SARS-CoV-2 Vaccination in HT Recipients



Cardiovascular Research (DZHK) and travel support from the
International Society for Heart and Lung Transplantation. PK
receives research support for basic, translational, and clinical
research projects from the European Union, British Heart
Foundation, Leducq Foundation, Medical Research Council
(UK), and German Centre for Cardiovascular Research, from
several drug and device companies active in atrial fibrillation. PK
was partially supported by European Union BigData@Heart
(grant agreement EU IMI 116074), AFFECT-AF (grant
agreement 847770), and MAESTRIA (grant agreement
965286). PK has received honoraria from several
pharmaceutical and medical device companies in the past, but
not in the last 3 years. PK is listed as inventor on two patents held
by University of Birmingham (Atrial Fibrillation Therapy WO
2015140571, Markers for Atrial Fibrillation WO 2016012783).
All outside the submitted work. NF reports grants from
Biotronik. All outside the submitted work. PB received
funding from the German Research Foundation. All outside
the submitted work. AB has received honoraria, consultancy
fees and/or research support from Abbott, Abiomed,
AstraZeneca, BerlinHeart, Medtronic (unrelated to the

submitted work). SB has received speaker fees from
Medtronic, Pfizer, Roche, Novartis, SiemensDiagnostics
(unrelated to the submitted work). CM receives research
funding from the German Center for Cardiovascular Research
(DZHK) within the Promotion of women scientists’ program, the
Deutsche Stiftung fuer Herzforschung and the Dr. Rolf Schwiete
Stiftung and has received Honoraria from AstraZeneca, Novartis,
Heinen & Loewenstein, Boehringer Ingelheim/Lilly, Bayer, Pfizer,
Sanofi, Aventis, Apontis, Abbott (unrelated to the submitted
work).

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.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontierspartnerships.org/articles/10.3389/ti.2023.
10883/full#supplementary-material

REFERENCES

1. Pereira MR, Mohan S, Cohen DJ, Husain SA, Dube GK, Ratner LE, et al.
COVID-19 in Solid Organ Transplant Recipients: Initial Report from the US
Epicenter. Am J Transpl (2020) 20(7):1800–8. doi:10.1111/ajt.15941

2. Rivinius R, Kaya Z, Schramm R, Boeken U, Provaznik Z, Heim C, et al.
COVID-19 Among Heart Transplant Recipients in Germany: a Multicenter
Survey. Clin Res Cardiol (2020) 109(12):1531–9. doi:10.1007/s00392-020-
01722-w

3. Bottio T, Bagozzi L, Fiocco A, Nadali M, Caraffa R, Bifulco O, et al. COVID-19
in Heart Transplant Recipients: AMulticenter Analysis of the Northern Italian
Outbreak. JACC Heart Fail (2021) 9(1):52–61. doi:10.1016/j.jchf.2020.10.009

4. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al.
Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. New Engl
J Med (2020) 383(27):2603–15. doi:10.1056/NEJMoa2034577

5. Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al. Efficacy and
Safety of the mRNA-1273 SARS-CoV-2 Vaccine. New Engl J Med (2020)
384(5):403–16. doi:10.1056/nejmoa2035389

6. Falsey AR, Sobieszczyk ME, Hirsch I, Sproule S, RobbML, Corey L, et al. Phase
3 Safety and Efficacy of AZD1222 (ChAdOx1 nCoV-19) Covid-19 Vaccine.
New Engl J Med (2021) 385(25):2348–60. doi:10.1056/NEJMoa2105290

7. ISHLT. SARS-CoV-2 Vaccination in Heart and Lung Transplantation:
Recommendations from the ISHLT COVID-19 Task Force.(2022)
(Accessed Mai 1st, 2022).

8. Boyarsky BJ, Werbel WA, Avery RK, Tobian AAR, Massie AB, Segev DL, et al.
Immunogenicity of a Single Dose of SARS-CoV-2 Messenger RNA Vaccine in
Solid Organ Transplant Recipients. Jama (2021) 325(17):1784–6. doi:10.1001/
jama.2021.4385

9. Boyarsky BJ, Werbel WA, Avery RK, Tobian AAR, Massie AB, Segev DL, et al.
Antibody Response to 2-Dose SARS-CoV-2 mRNA Vaccine Series in Solid
Organ Transplant Recipients. Jama (2021) 325(21):2204–6. doi:10.1001/jama.
2021.7489

10. Hallett AM, Greenberg RS, Boyarsky BJ, Shah PD, Ou MT, Teles AT, et al.
SARS-CoV-2Messenger RNAVaccine Antibody Response and Reactogenicity
in Heart and Lung Transplant Recipients. J Heart Lung Transpl (2021) 40(12):
1579–88. doi:10.1016/j.healun.2021.07.026

11. Peled Y, Ram E, Lavee J, Sternik L, Segev A, Wieder-Finesod A, et al.
BNT162b2 Vaccination in Heart Transplant Recipients: Clinical Experience
and Antibody Response. J Heart Lung Transpl (2021) 40(8):759–62. doi:10.
1016/j.healun.2021.04.003

12. Marinaki S, Adamopoulos S, Degiannis D, Roussos S, Pavlopoulou ID, Hatzakis A,
et al. Immunogenicity of SARS-CoV-2 BNT162b2 Vaccine in Solid Organ
Transplant Recipients. Am J Transpl (2021) 21(8):2913–5. doi:10.1111/ajt.16607

13. Lee ARYB, Wong SY, Chai LYA, Lee SC, Lee MX, Muthiah MD, et al. Efficacy
of Covid-19 Vaccines in Immunocompromised Patients: Systematic Review
and Meta-Analysis. BMJ (2022) 376:e068632. doi:10.1136/bmj-2021-068632

14. Schramm R, Costard-Jäckle A, Rivinius R, Fischer B, Muller B, Boeken U, et al.
Poor Humoral and T-Cell Response to Two-Dose SARS-CoV-2 Messenger
RNA Vaccine BNT162b2 in Cardiothoracic Transplant Recipients. Clin Res
Cardiol (2021) 110(8):1142–9. doi:10.1007/s00392-021-01880-5

15. AMERICAN SOCIETYOF TRANSPLANATION. Joint Statement about COVID-
19 Vaccination in Organ Transplant Candidates and Recipients (2022). Available
from: https://ishlt.org/ishlt/media/documents/ISHLT-AST-ASTS_Joint-
Statement_COVID19-Vaccination_30-December.pdf (Accessed January 26, 2023).

16. NIAID. COVID Protection After Transplant-Immunosuppression Reduction
(CPAT-ISR). (2021) ClinicalTrialsgov Identifier: NCT05077254; Available at:
https://clinicaltrialsgov/ct2/show/NCT05077254 (Accessed January 26, 2023).

17. Reindl-Schwaighofe R Pilot Trial on Immunosuppression Modulation to Increase
SARS-CoV-2 Vaccine Response in Kidney Transplant Recipients
(BOOST_TX_SubA). (2022). ClinicalTrialsgov Identifier: NCT05338177; Available
at: https://clinicaltrialsgov/ct2/show/NCT05338177 (Accessed January 26, 2023).

18. Cox RJ, Brokstad KA. Not just Antibodies: B Cells and T Cells Mediate
Immunity to COVID-19. Nat Rev Immunol (2020) 20(10):581–2. doi:10.1038/
s41577-020-00436-4

19. Sauer K, Harris T. An Effective COVID-19 Vaccine Needs to Engage T Cells.
Front Immunol (2020) 11:581807. doi:10.3389/fimmu.2020.581807

20. Peled Y, Ram E, Lavee J, Segev A, Matezki S, Wieder-Finesod A, et al. Third
Dose of the BNT162b2 Vaccine in Heart Transplant Recipients:
Immunogenicity and Clinical Experience. J Heart Lung Transpl (2022)
41(2):148–57. doi:10.1016/j.healun.2021.08.010

21. Herrera S, Colmenero J, Pascal M, Escobedo M, Castel MA, Sole-Gonzalez E,
et al. Cellular and Humoral Immune Response after mRNA-1273 SARS-CoV-
2 Vaccine in Liver and Heart Transplant Recipients. Am J Transplant (2021)
21(12):3971–9. doi:10.1111/ajt.16768

22. Robert Koch Institut, STIKO: 14. Aktualisierung der COVID-19-
Impfempfehlung. (2021). Epidemiologisches Bulletin 48/2021.

23. DiaSorin. LIAISON® SARS-CoV-2 TrimericS IgG assay - A Quantitative assay
for Immune StatusMonitoring with an accurate Correlation of Neutralizing IgG
antibodies. Available from: https://www.diasorin.com/sites/default/files/
allegati_prodotti/liaisonr_sars-cov-2_trimerics_igg_assay_m0870004408_a_
lr_0.pdf (Accessed January 26, 2023).

Transplant International | Published by Frontiers February 2023 | Volume 36 | Article 1088310

Memenga et al. SARS-CoV-2 Vaccination in HT Recipients

https://www.frontierspartnerships.org/articles/10.3389/ti.2023.10883/full#supplementary-material
https://www.frontierspartnerships.org/articles/10.3389/ti.2023.10883/full#supplementary-material
https://doi.org/10.1111/ajt.15941
https://doi.org/10.1007/s00392-020-01722-w
https://doi.org/10.1007/s00392-020-01722-w
https://doi.org/10.1016/j.jchf.2020.10.009
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/nejmoa2035389
https://doi.org/10.1056/NEJMoa2105290
https://doi.org/10.1001/jama.2021.4385
https://doi.org/10.1001/jama.2021.4385
https://doi.org/10.1001/jama.2021.7489
https://doi.org/10.1001/jama.2021.7489
https://doi.org/10.1016/j.healun.2021.07.026
https://doi.org/10.1016/j.healun.2021.04.003
https://doi.org/10.1016/j.healun.2021.04.003
https://doi.org/10.1111/ajt.16607
https://doi.org/10.1136/bmj-2021-068632
https://doi.org/10.1007/s00392-021-01880-5
https://ishlt.org/ishlt/media/documents/ISHLT-AST-ASTS_Joint-Statement_COVID19-Vaccination_30-December.pdf
https://ishlt.org/ishlt/media/documents/ISHLT-AST-ASTS_Joint-Statement_COVID19-Vaccination_30-December.pdf
https://clinicaltrialsgov/ct2/show/NCT05077254
https://clinicaltrialsgov/ct2/show/NCT05338177
https://doi.org/10.1038/s41577-020-00436-4
https://doi.org/10.1038/s41577-020-00436-4
https://doi.org/10.3389/fimmu.2020.581807
https://doi.org/10.1016/j.healun.2021.08.010
https://doi.org/10.1111/ajt.16768
https://www.diasorin.com/sites/default/files/allegati_prodotti/liaisonr_sars-cov-2_trimerics_igg_assay_m0870004408_a_lr_0.pdf
https://www.diasorin.com/sites/default/files/allegati_prodotti/liaisonr_sars-cov-2_trimerics_igg_assay_m0870004408_a_lr_0.pdf
https://www.diasorin.com/sites/default/files/allegati_prodotti/liaisonr_sars-cov-2_trimerics_igg_assay_m0870004408_a_lr_0.pdf


24. 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):e150175. doi:10.1172/JCI150175

25. Duengelhoef P, Hartl J, Rüther D, Steinmann S, Brehm TT, Weltzsch JP, et al.
SARS-CoV-2 Vaccination Response in Patients with Autoimmune Hepatitis
and Autoimmune Cholestatic Liver Disease. United Eur Gastroenterol J (2022)
10:319–29. doi:10.1002/ueg2.12218

26. Senn S, Holford N, Hockey H. The Ghosts of Departed Quantities: Approaches
to Dealing with Observations below the Limit of Quantitation. Stat Med (2012)
31(30):4280–95. doi:10.1002/sim.5515

27. Tobin J. Estimation of Relationships for Limited Dependent Variables.
Econometrica: J Econometric Soc (1958) 26:24–36. doi:10.2307/1907382

28. GBIF. R: A Language and Environment for Statistical Computing [computer
Program]. Vienna, Austria: R Foundation for Statistical Computing (2019).

29. 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

30. Haddadin Z, Krueger K, Thomas LD, Overton ET, Ison M, Halasa N. Alternative
Strategies of Posttransplant Influenza Vaccination in Adult Solid Organ Transplant
Recipients. Am J Transplant (2021) 21(3):938–49. doi:10.1111/ajt.16295

31. Dulek DE, de St Maurice A, Halasa NB. Vaccines in Pediatric Transplant
Recipients-Past, Present, and Future. Pediatr Transpl (2018) 22(7):e13282.
doi:10.1111/petr.13282

32. Mitchell J, Chiang TP, Alejo JL, Chang A, Abedon AT, Avery RK, et al. Effect of
Mycophenolate Mofetil Dosing on Antibody Response to SARS-CoV-
2 Vaccination in Heart and Lung Transplant Recipients. Transplantation
(2022) 106(5):e269–e270. doi:10.1097/TP.0000000000004090

33. Collier DA, Ferreira IATM, Kotagiri P, Datir RP, Lim EY, Touizer E, et al. Age-
related Immune Response Heterogeneity to SARS-CoV-2 Vaccine BNT162b2.
Nature (2021) 596(7872):417–22. doi:10.1038/s41586-021-03739-1

34. Goel RR, Painter MM, Apostolidis SA, Mathew D, Meng W, Rosenfeld AM,
et al. mRNA Vaccines Induce Durable Immune Memory to SARS-CoV-2 and
Variants of Concern. Science (2021) 374(6572):abm0829. doi:10.1126/science.
abm0829

35. Levin MJ, Ustianowski A, De Wit S, Launay O, Avila M, Templeton A, et al.
Intramuscular AZD7442 (Tixagevimab–Cilgavimab) for Prevention of Covid-
19. N Engl J Med (2022) 386(23):2188–200. doi:10.1056/NEJMoa2116620

Copyright © 2023 Memenga, Kueppers, Borof, Kirchhof, Duengelhoef, Barten,
Lütgehetmann, Berisha, Fluschnik, Becher, Kondziella, Bernhardt,
Reichenspurner, Blankenberg, Magnussen and Rybczynski. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Transplant International | Published by Frontiers February 2023 | Volume 36 | Article 1088311

Memenga et al. SARS-CoV-2 Vaccination in HT Recipients

https://doi.org/10.1172/JCI150175
https://doi.org/10.1002/ueg2.12218
https://doi.org/10.1002/sim.5515
https://doi.org/10.2307/1907382
https://doi.org/10.1038/s41586-021-03653-6
https://doi.org/10.1111/ajt.16295
https://doi.org/10.1111/petr.13282
https://doi.org/10.1097/TP.0000000000004090
https://doi.org/10.1038/s41586-021-03739-1
https://doi.org/10.1126/science.abm0829
https://doi.org/10.1126/science.abm0829
https://doi.org/10.1056/NEJMoa2116620
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	SARS-CoV-2 Vaccination-Induced Immunogenicity in Heart Transplant Recipients
	Introduction
	Patients and Methods
	Study Participants and Data Collection
	Assessment of SARS-CoV-2 Vaccine-specific Humoral and T-cell Response
	Statistical Analysis

	Results
	Baseline Characteristics
	Details of SARS-CoV-2 Vaccination
	Humoral and Spike-Specific T-Cell Response
	Predictors of Immunogenicity

	Discussion
	Strengths and Limitations
	Conclusion

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Conflict of Interest
	Supplementary Material
	References


