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A B S T R A C T

As solid organ transplant recipients are at high risk of severe COVID-19 and respond poorly to primary SARS-CoV-
2 mRNA vaccination, they have been prioritized for booster vaccination. However, an immunological correlate of
protection has not been identified in this vulnerable population. We conducted a prospective monocentric cohort
study of 65 kidney transplant recipients who received 3 doses of BNT162b2 mRNA vaccine. Associations among
breakthrough infection (BTI), vaccine responses, and patient characteristics were explored in 54 patients.
Symptomatic COVID-19 was diagnosed in 32% of kidney transplant recipients during a period of 6 months after
booster vaccination. During this period, SARS-CoV-2 delta and omicron were the dominant variants in the general
population. Univariate Analyses identified the avidity of SARS-CoV-2 receptor binding domain binding IgG,
neutralizing antibodies, and SARS-CoV-2 S2-specific interferon gamma responses as correlates of protection
against BTI. No demographic or clinical parameter correlated with the risk of BTI. In multivariate analysis, the risk
of BTI was best predicted by neutralizing antibody and S2-specific interferon gamma responses. In conclusion, T
cell responses may help compensate for the suboptimal antibody response to booster vaccination in kidney
transplant recipients. Further studies are needed to confirm these findings.
1. Introduction

Solid organ transplant (SOT) recipients are at high risk of severe
COVID-19 and death.1–4 This high risk has been attributed to immuno-
suppressive therapies and to common comorbidities, including
agocytosis; BTI, breakthrough inf
C, variant of concern; Wuhan NT
unology and ULB Centre for Res

(D. Kemlin), arnaud.marchant@

orm 6 February 2023; Accepted 6

tation & American Society of Tra
cardiovascular disease, diabetes, and obesity, that have also been associ-
ated with severe COVID-19 and death in the general population.5,6

Although they had not been included in COVID-19 vaccine trials, SOT
recipients were offered COVID-19 vaccination early in vaccination cam-
paigns. Unfortunately, their responses to COVID-19 vaccineswereweaker
ection; LLOD, lower limit of detection; RBD, receptor binding domain; SOT, solid
50, Wuhan neutralizing antibody titer.
earch in Immunology (U-CRI), Universit�e, libre de Bruxelles (ULB) and Arnaud

ulb.be (A. Marchant).

February 2023

nsplant Surgeons. Published by Elsevier Inc. All rights reserved.

https://orcid.org/0000-0001-7986-8651
https://orcid.org/0000-0002-6234-3127
https://orcid.org/0000-0002-6734-1155
https://orcid.org/0000-0002-3688-9417
https://orcid.org/0000-0002-7448-2626
https://orcid.org/0009-0009-8104-020X
https://orcid.org/0000-0001-9516-8305
https://orcid.org/0000-0003-4952-1424
https://orcid.org/0000-0001-7128-1354
https://orcid.org/0000-0003-3521-7712
https://orcid.org/0009-0001-2328-1269
https://orcid.org/0000-0002-4492-2635
https://orcid.org/0000-0002-5862-7821
https://orcid.org/0000-0002-1340-4165
https://orcid.org/0000-0001-6417-6791
https://orcid.org/0000-0002-4253-3476
https://orcid.org/0000-0001-7575-9255
https://orcid.org/0000-0003-0578-0467
mailto:delphine.kemlin@erasme.ulb.ac.be
mailto:arnaud.marchant@ulb.be
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajt.2023.02.015&domain=pdf
www.sciencedirect.com/science/journal/16006135
http://www.amjtransplant.org
https://doi.org/10.1016/j.ajt.2023.02.015
https://doi.org/10.1016/j.ajt.2023.02.015
https://doi.org/10.1016/j.ajt.2023.02.015


D. Kemlin et al. American Journal of Transplantation 23 (2023) 649–658
than those of healthy adults: neutralizing antibodies were not detectable
in most patients, even after 2 doses of mRNA vaccine7. These low vaccine
responses were associated with a high incidence of breakthrough in-
fections (BTIs), including severe cases.8–12 SOT recipients were therefore
prioritized for a booster with a third dose of COVID-19 vaccine. Higher
levels of SARS-CoV-2 neutralizing antibodies were induced by booster as
thanbyprimaryvaccination in thesepatients, in linewithwhat is observed
in the general population.13–15 Yet, the level of immunity against BTI
achieved by booster vaccination of SOT recipients, especially in the
context of emerging SARS-CoV-2 variants, remains poorly defined.16.

Serum levels of SARS-CoV-2 neutralizing antibodies are correlated
with protection against COVID-19 in the general population.17–20 In
addition, booster mRNA vaccination is associated with improved vaccine
effectiveness in healthy adults.21 An immune correlate of protection
against COVID-19 in SOT patients has not been identified. Despite their
lower levels in SOT recipients, neutralizing antibodies are likely to play a
key role given their importance in other populations. On the other hand,
other immune effectors, in particular T lymphocytes, could contribute to
protection in patients with limited vaccine-induced humoral immunity.22

Sociodemographic and clinical factors could also contribute to the
risk of BTI in SOT patients. Previous studies identified age, female
gender, and comorbidities, such as metabolic syndrome and kidney dis-
ease, as risk factors for SARS-CoV-2 BTI.23,24 It is unclear whether these
factors increase the risk of BTI directly, or by reducing the immune
response to COVID-19 vaccination. Identifying risk factors for BTI in SOT
recipients and their potential impact on COVID-19 vaccine immunoge-
nicity would help identify patients who are at high risk and guide
COVID-19 booster immunization strategies.

This prospective cohort study was undertaken to identify risk factors
of BTI in kidney transplant recipients who had received 3 doses of
BNT162b2 COVID-19 mRNA vaccine. Associations with vaccine-induced
immune responses, sociodemographic and clinical factors were explored.

2. Materials and methods

2.1. Study design and population

This single-center prospective phase IV investigator-initiated study of
the immunogenicity of the BNT162b2 vaccine (Pfizer-BioNTech) in kidney
transplant recipients was approved by the ethics committee of the Erasme
Hospital (P2020/284 and A2021/131) and by the Belgian Federal Agency
for Medicines and Health Products (EudraCT 2021-000-412-28). Kidney
transplant recipientsagedat least18yearswere recruited in theDepartment
of Nephrology, Dialysis and Transplantation of the Erasme Hospital,
Belgium. They were informed and gave informed consent before the
administration of first dose of BNT162b2 vaccine. Patients transplanted
with multiple organs were excluded from the study. Patients infected with
SARS-CoV-2beforeBNT162b2vaccinationwere not included in this report.
Previous SARS-CoV-2 infectionwas defined as a history of a positivePCRon
nasopharyngeal swab before study recruitment and/or a positive serology
(Wantai SARS-CoV-2 IgG Elisa, Supplementary Materials) at recruitment,
before administration of the first dose of BNT162b2 vaccine. Patients were
seen by a study clinician at enrolment before the first dose, onemonth after
the second dose, and the day of the third dose of the vaccine. Demographic
and clinical data were recorded, including age, gender, body mass index,
comorbidities (hypertension, diabetes, cardiovascular disease, chronic
kidney insufficiency defined with eGFR <30mL/min in CKD-EPi and
evolutive or treated cancer), characteristics of transplantation history
(duration, rank, graft function, induction treatment, and immunosuppres-
sive drugs), and absolute lymphocyte count.

All patients received the BNT162b2 vaccine on day 0 and day 21,
according to the Belgian national vaccination program. The first vaccine
dose was administered betweenMarch 2, 2021, andMarch 18, 2021, and
the second dose between March 23, 2021, and April 8, 2021. The third
dose of BNT162b2 vaccine was administered between August 17, 2021,
and 20, 2021, following an amendment of the study protocol approved
650
by the Belgian Federal Agency for Medicines and Health Products.
BNT162b2 is a lipid nanoparticle–formulated, nucleoside-modified
mRNA vaccine encoding a prefusion stabilized, membrane-anchored
SARS-CoV-2 full-length spike protein.25 The 30 μg/0.3 mL dose was
administered by intramuscular injection into the upper arm. Vaccines
were administered by a trained study nurse at Erasme Hospital. Partici-
pants were observed for a minimum of 15 minutes after vaccination. No
serious adverse events were observed.

2.2. Breakthrough infection

After recruitment, symptomatic SARS-CoV-2 BTI, defined as the
occurrence of fever, chills, cough, dyspnea, rhinitis, anosmia, dysgeusia,
abdominal pain or diarrhea, associated with a positive SARS-CoV-2 PCR
on nasopharyngeal swab, were recorded. Patients were informed of
symptoms compatible with COVID-19 and were encouraged to be tested
by PCR of a nasopharyngeal swab in case of such symptoms. Patients
were regularly contacted by phone and/or by email to limit unreported
BTI. The following data were recorded when a BTI was diagnosed:
symptoms, date of symptom onset, oxygen requirement, organ failure
and treatment, including curative monoclonal antibodies. The date of BTI
was defined as the date of symptom onset. Only the first symptomatic BTI
was included in the data analysis.

2.3. Immune response to BNT162b2 vaccination

Humoral and cellular immune responses to BNT162b2 vaccination
were measured one month after the second vaccine dose (D2D28) and
one month after the third vaccine dose (D3D28). Prevaccination immune
responses to SARS-CoV-2 were analyzed as baseline. Humoral immune
responses measured included SARS-CoV-2 receptor binding domain
(RBD)-specific binding IgG and avidity, SARS-CoV-2 Wuhan, B.1.617.2
Delta variant (83DJ-1), BA.1 Omicron variant and BA.2 Omicron variant
neutralizing antibodies, and SARS-CoV-2 S1 and S2 domain binding and
phagocytosis inducing IgG. Cellular immune responses measured
included S1 and S2 domain-specific Interferon gamma-producing cells.
For detailed laboratory methods, see Supplementary Material.

2.4. Statistical analyzes

The occurrence of SARS-CoV-2 BTI during the study period (from
March 2, 2021, to March 18, 2021, to February 1, 2022) was plotted as a
Kaplan–Meier survival curve. The incidence of SARS-CoV-2 infection
diagnosed in Belgium during the study period and the proportion of in-
fections with variants of concern (VOC) circulating in Belgium was
included in the graph to provide the epidemiological context of study.26

The incidence rate (person-day rate) of BTI was defined as the ratio of BTI
divided by the time each patient was observed, totaled for all the pa-
tients. It was calculated for 2 different periods: (1) from the first day of
vaccination to D3D28, and (2) from D3D28 to February 1, 2022 when the
fourth dose of COVID-19 vaccine was administered. Descriptive data
were evaluated with geometric means (95% CI) for continuous variables,
and n (%, 95% CI) for binary values. Descriptive data were compared by
t-test or Wilcoxon—Mann–Whitney rank test for parametric and
nonparametric values, respectively, according to the D’Agostino
normality test. Fisher test was performed to compare the risk of BTI ac-
cording to the stratification of the immune parameters. The Spearman
test was performed to assess the correlation between immune parame-
ters. A Wilcoxon signed-rank test was used to test paired sampled, when
comparing two-time points. The proportion of participants with antibody
levels higher than the lower limit of detection (LLOD) at D2D28 or
D3D28 were calculated for SARS-CoV-2 RBD binding IgG (LLOD: 5.4
IU/mL according to WHO standard) and neutralizing antibodies (LLOD:
77 IU/mL according to WHO standard). For RBD binding IgG and
neutralizing antibodies, antibody concentrations below the limit of
detection were assigned a value equal to half of the LLOD before the



Figure 1. Study flow chart.
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transformation. RBD IgG avidity was measured for samples with
detectable binding RBD IgG only. For Interferon gamma ELISpot, data
equal to 0 or less than 0 after subtraction of background were assigned a
value of 1 before the transformation. Values higher than 300 spots
forming cells/250 000 PBMC were censured at 1.200/ 106 PBMC. The
association between immune variables and demographic and clinical
variables, were explored by linear regressions. Univariate logistic
regression was used to explore the factors associated with the occurrence
of BTI for the period between D3D28 and February 1, 2022. Variables
with a P value of < .1 in univariate Analyses were included in a variance
inflation factor (VIF) analysis. To avoid multicollinearity, only variables
with VIF <10 were included in multivariate analysis. A multivariate lo-
gistic regression model was built to analyze risk factors of BTI, adjusting
for age, kidney graft function, and mycophenolate mofetil use, consid-
ered as important variables influencing immune responses to
SARS-CoV-2 vaccination, based on our linear regression data and on
published data.27,28 Missing data were excluded from the final analysis.
The final model was selected based on backward selection of variables.
All statistical analyses were done using R version 4.2.0.29

3. Results

3.1. Study population

Sixty-six kidney transplant recipients were screened for the study. One
patient was excluded because of a positive PCR test on the day of the first
COVID-19 vaccination. Characteristics of the 65 patients included in the
study are shown in Supplementary Table S1. Themean agewas 58.2 years.
The mean duration of transplantation was 7.4 years. Immunosuppressive
treatment included steroids (78%), mycophenolate mofetil (52%),
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azathioprine (25%), tacrolimus (68%), cyclosporine (14%), and ever-
olimus (23%).During follow-up, onepatient requiredchronicdialysis, one
patient withdrew consent, one patient was lost to follow-up between the
second and the third vaccination, and 2 patients declined the third dose of
vaccine (Fig. 1). No patients died during the study period.
3.2. Incidence of SARS-CoV-2 BTI

Six cases of symptomatic SARS-CoV-2 BTI were diagnosed between
the first and the third COVID-19 vaccination. Thus, 54 patients were
followed-up and received the third dose of the vaccine, on average 161
days after having received the first vaccine dose (Fig. 1). One case of
symptomatic BTI was diagnosed within 28 days of the third dose of
vaccine. At D3D28, 53 patients remained free of symptomatic BTI.
Seventeen cases were diagnosed between 28 days after the third
vaccination and the fourth vaccination, when the study follow-up
ended (Fig. 1). Symptoms related to BTI are shown in table S2. One
patient experienced moderate COVID-19 requiring oxygen supply, and
the other 16 patients had mild COVID-19. Curative monoclonal anti-
bodies were administered to 14 patients (83%). At the end of the study
period, 36 patients remained free of symptomatic BTI.

Figure 2 depicts the cumulative number of symptomatic BTI in the
study population over time and in relation to the incidence of SARS-
CoV-2 infection with individual VOC in the Belgian population. Dur-
ing the first period (before D3D28), the incidence rate of SARS-CoV-2
BTI in the study population was 0.63 (0.25; 1.30) cases per 1000
person-days. During this period, the daily incidence of COVID-19 was
estimated at less than 1 case per 1000 inhabitants in Belgium, and the
alpha and delta VOC were dominant. During the second period (after
D3D28), the incidence rate of BTI in the study population was about 4-



Figure 2. Occurrence of symptomatic BTI in relation to incidence of COVID-19 in the Belgian population. The black line represents the proportion of kidney transplant
recipients who remained free of SARS-CoV-2 BTI during the study period. The dotted lines are 95% confidence intervals. Day 0 is the date of the first vaccine dose for each
patient. Patientswere followed-up until thefirst day of administrationof the fourth vaccine dose (February1, 2022). Each cross represents a patient lost to follow-up.Numbers
of patients with BTI, lost to follow-up, and at risk of BTI are indicated in the lower part of the graph (black numbers: before the second vaccine dose; gray: between the second
and third dose of vaccine; green: after the third vaccine dose). The gray line represents daily confirmed COVID-19 cases per million people 7 days rolling average in Belgium.
Day0 for thegray line is themediandate of thefirst vaccination of the studypopulation (March10, 2021). Proportions of infectionswithVOCarepresented in theupperpart of
the figure (alpha in green, delta in orange, omicron BA.1 in gray and omicron BA.2 in pink, and others in white). BTI, breakthrough infection
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fold higher: 2.74 (1.60; 4.38) cases per 1000 persons-days (comparison
of incidence rates between the 2 periods: P < .001). During this second
period, the estimated incidence of COVID-19 also increased in the
Belgian population and the delta and BA.1 omicron VOC were dominant
(Fig. 2).
3.3. Immune response to COVID-19 vaccination

Administration of a third dose of COVID-19 vaccine significantly
increased the levels and quality of SARS-CoV-2 spike-specific antibodies
(Fig. 3A and Supplementary Table S3). The geometric mean serum
concentration of RBD binding IgG increased from 8 IU/mL after 2 doses
of vaccine to 35 IU/mL after 3 vaccine doses. The proportion of patients
with detectable RBD binding IgG was 51% after 3 vaccinations (27/53).
Avidity of RBD binding IgG also increased in patients with detectable
RBD IgG with a five-fold slower dissociation rate between the second
and third dose of vaccine (from geometric mean of koff : 0.0016 s-1 after
the second dose to geometric mean of koff : 0.0003 s-1 after the third
dose of vaccine). Neutralizing antibody levels increased similarly, with
only 2% of patients having detectable SARS-CoV-2 neutralizing anti-
bodies after 2 doses and 45% of patients after 3 vaccine doses. In
contrast, Interferon gamma responses to SARS-CoV-2 S1 and S2 were
not significantly different after the second and third vaccine doses
(Fig. 3A and Supplementary Table S3). These similar responses overall
involved inter-patient heterogeneity, with increased responses in some
patients and decreased responses in others. As a result, Interferon
gamma responses after the second and third vaccine doses were only
moderately correlated (Fig. 3B).
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3.4. Risk factors of SARS-CoV-2 BTI after booster COVID-19 vaccination

Potential risk factors for SARS-CoV-2 BTI after the third dose of
COVID-19 vaccine were first explored by univariate analysis using lo-
gistic regression (Fig. 4 and Supplementary Table S4). An increased risk
of BTI in kidney transplant recipients was associated with low RBD IgG
avidity (odds ratio (95% CI): 0.07 (0.003; 0.61), P ¼ .04), low titer of
neutralizing antibodies (0.15 (0.02; 0.64), P ¼ .027), and low frequency
of S2-specific, and not S1-specific, Interferon gamma-producing cells
(0.30 (0.11; 0.69), P ¼ .009). No significant association was detected
between the risk of BTI after booster COVID-19 vaccination and the de-
mographic or clinical variables that were analyzed (Fig. 4 and Supple-
mentary Table S4). Of note, no significant association was detected
between the risk of BTI after D3D28 and the humoral or cellular immune
responses measured 28 days after the second dose of vaccine (Supple-
mentary Fig. S1)

The absence of significant association between demographic and
clinical variables and the risk of BTI led us to explore their potential
association with the immune response to COVID-19 vaccination. As
shown in Supplementary Table S5, older age was associated with lower
humoral immune responses to booster vaccination. Lower kidney graft
function and mycophenolate mofetil use were associated with lower
humoral and cellular immune responses to booster vaccination, whereas
the use of azathioprine was associated with higher vaccine responses.
Together, these results indicate that demographic and clinical variables
are associated with differences in immune responses to booster COVID-
19 vaccination in kidney transplant recipients even if they were not
significantly associated with the risk of BTI in this population.



Figure 3. Immune response to second and third COVID-19 mRNA vaccinations in kidney transplant recipients. (A) Immune responses, including SARS-CoV-2 receptor
binding domain (RBD)-specific binding IgG titer (RBD IgG) and avidity (RBD IgG avidity), SARS-CoV-2 Wuhan neutralizing antibody titer (Wuhan NT50) and S1 (S1
Interferon gamma) and S2 (S2 Interferon gamma) domain-specific Interferon gamma-producing cells, were measured one month after the 2nd dose (D2D28) and one
month after the 3rd dose (D3D28) of vaccine among kidney transplant recipients naive of symptomatic BTI at D3D28 (n ¼ 53). Each data point represents a sample.
Samples were available for 51 patients at D2D28 and 53 patients at D3D28. The lower limit of detection (LLOD) is 5.4 IU/mL for RBD binding IgG and 77 IU/mL for
Wuhan NT50. Twenty-one patients had detectable RBD binding IgG at D2D28 and 27 at D3D28. One patient had detectable neutralizing antibodies at D2D28 and 24 at
D3D28. RBD IgG avidity was only measured for samples with RBD binding IgG levels > 5.4 IU/mL. Statistical comparisons were made using Wilcoxon signed-rank test.
RBD: receptor binding domain. Wuhan NT50: 50% neutralizing antibody titer against Wuhan strain. S1 or S2 Interferon gamma: S1 or S2 specific PMBC responses. ** P
< .01; and **** P < .0001. (B) Spearman correlation between S1 and S2 IFNγ response measured at D2D28 and D3D28. The dotted line indicates the function f(X)¼Y.
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3.5. Multi-parametric analysis of immune response to booster COVID
vaccination in patients with or without symptomatic BTI

Additional parameters of the humoral immune response to COVID-19
vaccination were measured to further explore the association between
the immune response to booster vaccination and the risk of BTI in kidney
transplant recipients. Patients with BTI had lower levels of S1-specific,
but not S2-specific, binding IgG as compared with patients who did not
develop symptomatic BTI (Fig. 5A). In parallel, patients with BTI also had
lower levels of S1-specific, but not S2-specific, IgG activating cellular
phagocytosis (antibody-dependent cellular phagocytosis, [ADCP]). In
line with the univariate analysis, patients who developed SARS-CoV-2
BTI after booster vaccination had significantly lower RBD binding IgG
titer and lower levels of neutralizing antibodies as compared with pa-
tients who remained free of symptomatic BTI (Fig. 5B). A similar trend
was observed with RBD IgG avidity. After booster vaccination, only a few
patients had detectable neutralizing antibodies against delta (n ¼ 4),
omicron BA.1 (n ¼ 1), and omicron BA.2 (n ¼ 4) (Supplementary
Table S6). None of them developed symptomatic BTI. Analysis of cellular
immune responses confirmed the results of the univariate analysis: pa-
tients with BTI had significantly lower frequencies of S2-specific, and not
S1-specific, Interferon gamma producing cells, as compared with patients
with no BTI (Fig. 5C). Humoral immune response parameters (RBD IgG,
RBD IgG avidity, Wuhan NT50 (Wuhan neutralizing antibody titer), S1
IgG, S2 IgG, S1 IgG ADCP and S2 IgG ADCP) were highly correlated
(Fig. 5D). In contrast, significant but lower correlations were observed
between humoral and cellular immune response (S1 Interferon gamma
and S2 Interferon gamma) parameters.
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3.6. Multivariate analysis of risk factors of BTI

Multivariate analysis was performed to identify the immunological
factors that best predicted the risk of BTI after booster vaccination.
Variables with a P value of <.1in the univariate analysis were included
in the analysis of VIF. Among them, RBD IgG avidity and S1 ADCP had
a VIF above 10 and were excluded from the analysis to avoid collin-
earity. Based on the associations observed between clinical variables
and COVID-19 vaccine responses (Supplementary Table S5), this
analysis was adjusted for age, kidney graft function (eGFR), and
mycophenolate use. Wuhan neutralizing antibody titer and S2 Inter-
feron gamma response were the best predictors of BTI after booster
vaccination, with odds ratios of 0.04 ([<0.001; 0.50], P ¼ .028) and
0.15 [(0.02; 0.67], P ¼ .037), respectively (Table 1). Based on this
analysis, we estimated that patients with a 10-fold increase in Wuhan
NT50 had on average a 28-fold lower risk of BTI, and patients with a
10-fold increase in S2 Interferon gamma responses had on average a 7-
fold lower risk of BTI.

To further explore the relative contribution of neutralizing anti-
body and of S2 Interferon gamma responses in protection against
BTI, patients were categorized on the basis of median immune re-
sponses (Fig. 6). Among the 18 patients with low humoral and
cellular responses, 10 developed symptomatic BTI (Fig. 6A). The
lowest risk of BTI was observed in patients with high humoral and
cellular responses (1 BTI among 16 patients) (Fig. 6A, B). An inter-
mediate and similar risk was observed in patients with either high
humoral or high cellular responses (4 BTI among 15 patients)
(Fig. 6A, B, C).



Figure 4. Univariate analysis of risk factors of symptomatic breakthrough infection in kidney transplant recipients. Univariate logistic regression was used to assess
the relationship between immunological, demographic, and clinical parameters and the occurrence of symptomatic BTI. Obesity was defined as BMI > 30 kg/m2.
Transplantation rank was divided into first transplantation and second or more transplantation. Immunological parameters and absolute lymphocyte counts were
log10 transformed before analysis. RBD: receptor binding domain. Wuhan NT50: 50% neutralizing antibody titer against Wuhan strain. S1 or S2 Interferon gamma: S1
or S2-specific PMBC responses. eGFR: estimated glomerular function rate; OKT3: muromumab; ATG: anti-thymoglobulin. Ly count: absolute lymphocyte count.
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4. Discussion

In this prospective cohort study, we observed that both humoral and
cellular immune responses to booster COVID-19 vaccination predicted
protection against symptomatic BTI in kidney transplant recipients.
Although age, kidney graft function, and the use of mycophenolate
mofetil were associated with altered vaccine responses, no significant
association was observed between these parameters, or other de-
mographic and clinical parameters, and the occurrence of BTI. These data
emphasize the importance of inducing adequate immunity through
vaccination to protect this vulnerable population from COVID-19.

Our analysis was focused on kidney transplant recipients who had not
been diagnosed with COVID-19 either before vaccination or before the
response to booster vaccination was measured. Patients had low humoral
immune responses after 2 doses of mRNA vaccine, confirming previous
studies in SOT recipients.13–15 Humoral immunity was significantly
enhanced by booster vaccination, as observed in the general popula-
tion.21 In contrast, cellular immune responses were not significantly
different following 2 doses of vaccination and after booster vaccination.
This observation is in line with recent studies conducted on healthy
adults.30 This overall stability of cellular responses involved inter-patient
heterogeneity in the response dynamics, suggesting heterogeneity in the
establishment of T cell memory after vaccination. Despite enhanced
immunity after booster vaccination, patients remained at high risk of
SARS-CoV-2 BTI. Thirty-two percent of our study population developed
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symptomatic BTI in the first 6 months after booster vaccination. Most
patients received therapeutic monoclonal antibodies to prevent severe
COVID-19 and only one patient required oxygen supplementation. The
incidence of BTI after the third vaccine dose was significantly higher than
the one observed before booster vaccination, most likely because of the
higher virus circulation of delta and omicron VOC during this period.
This observation further emphasizes the importance of booster vaccina-
tion to prevent COVID-19 in SOT recipients.8,9 Follow-up analyses of
patients who remained free of BTI indicated that antibody levels decayed
after the third vaccine dose and were further boosted by a fourth dose of
vaccine (Supplementary Fig. S2).

To our knowledge, this is the first report on correlate of protection
against COVID-19 in SOT recipients. As observed in the general popu-
lation, the antibody response to COVID-19 vaccination was associated
with the protection of kidney transplant recipients against BTI with
VOC.20 As reported in the general population, the strongest association
with protection against BTI in SOT was observed with Wuhan neutral-
izing antibody titer.18,20 In addition to SARS-CoV-2 neutralization, an-
tibodies mediate viral control via Fc-dependent effector functions,
including ADCP. We observed high correlations between the titers of
binding, neutralizing, and ADCP-promoting antibodies against
SARS-CoV-2 RBD and S1 subunit, indicating a strong coordination be-
tween the diverse effector components of the antibody response.
S1-specific ADCP-promoting IgG was higher in patients who remained
free of BTI after booster vaccination, supporting the notion that they may



Figure 5. Immune response to booster COVID-19 vaccination in kidney transplant recipients with and without symptomatic BTI. Humoral and cellular immune
responses were measured 28 days after a third dose of BNT162b2 COVID-19 vaccine in 53 kidney transplant recipients who developed (red symbols) or did not
develop (blue symbols) symptomatic SARS-CoV-2 BTI after vaccination. Black bars indicate geometric means. Variables were compared with Wilcoxon—Mann–
Whitney test. * P < .05; ** P < .01. (A) S1-specific binding IgG (S1 IgG), S2-specific binding IgG (S2 IgG), S1-specific binding IgG antibody–dependant cellular
phagocytosis (S1 IgG ADCP), and S2-specific binding IgG antibody –dependant cellular phagocytosis (S1 IgG ADCP). (B) SARS-CoV-2 receptor binding domain (RBD)-
specific binding IgG titer (RBD IgG) and avidity (RBD IgG avidity), SARS-CoV-2 Wuhan neutralizing antibody titer (Wuhan NT50). (C) S1-specific cells producing
Interferon gamma (S1 Interferon gamma) and S2-specific cells producing Interferon gamma (S2 Interferon gamma). (D) Pearson correlation matrix of immune
response parameters. Correlation coefficients are color coded. Circle size indicates the absolute value of corresponding correlation coefficients. All correlations were
statistically significant, except those marked by a cross instead of a circle.
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also contribute to vaccine-induced protection. In contrast, S2-specific
binding and ADCP-promoting IgG were similar in patients who devel-
oped or did not develop BTI. This observation suggests a dominant role of
S1-specific antibodies in mediating protection against BTI in this
population.

The S2-specific Interferon gamma response to booster vaccination
was the second most important predictor of BTI. As no significant asso-
ciation was observed with S1-specific Interferon gamma responses, our
data suggest a differential role of SARS-CoV-2 subunits in mediating
protection after mRNA vaccination. As the S2 subunit is more conserved
than the S1 subunit across SARS-CoV-2 VOC, it may be an important
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target for cell-mediated immunity against the delta and omicron variants
to which our study population was exposed.

As suggested previously, T cell immunity may be particularly
important in patients with defective humoral responses to COVID-19
vaccination.22,31 Supporting this notion, we observed that high cellular
responses were associatedwith a reduced risk of BTI both in patients with
undetectable humoral responses and in patients with high humoral re-
sponses to booster vaccination. However, as S2 Interferon gamma re-
sponses were correlated with neutralizing antibody responses, the 2
parameters provide overlapping information about the immune response
to booster vaccination. The role of cellular responses may therefore



Table 1
Multivariate analysis of risk factors of symptomatic BTI in kidney transplant recipients, adjusted for age, mycophenolate mofetil, and estimated glomerular function rate.

Variables Complete initial model Complete final model

OR (95% CI) P value OR (95% CI) P -value

RBD IgG
Wuhan NT50

S1 IgG
S2 Interferon gamma
age
Mycophenolate mofetil use
eGFR

1.21 (0.19; 16.1)
0.03 (0.00; 1.10)
0.98 (0.14; 5.94)
0.14 (0.02; 0.69)
0.83 (0.71; 0.93)
0.97 (0.10; 9.17)
0.96 (0.88; 1.04)

0.848
0.091
0.980
0.041
0.006
0.979
0.340

-
0.04 (0.00; 0.50)
-
0.15 (0.02; 0.67)
0.83 (0.71; 0.93)
0.96 (0.12; 7.80)
0.96 (0.89; 1.03)

-
0.028
-
0.037
0.005
0.965
0.295

Only significant variables in univariate analysis and with VIF <10 were included in the initial multivariate model. The final model was obtained using backward
selection of immunological features.

Figure 6. Risk BTI according to neutralizing antibody against Wuhan and S2 T cell response. (A) Patients were categorized on the basis of median neutralizing
antibody titer and S2 Interferon gamma spot frequency in low responders (gray symbols; low neutralizing antibody titer and low S2 IFNγ spot frequency), medium
responders (red symbols; high neutralizing antibody titer or high S2 IFNγ spot frequency) and high responders (green symbols; high neutralizing antibody titer and
high S2 IFNγ spot frequency). Circled symbols indicate patients with BTI. Dotted line indicates the median S2 IFNγ response (16.1 SFC/106 PBMC). Black line indicates
the median neutralizing antibody titer (77 IU/mL). (B) Geometric mean percentage and 95% CI of patients with BTI in the 3 patient categories. **: P < .01; ns: not
significant. Fisher test. (C) Odds ratio and 95% CI of risk of BTI in patients with low neutralizing antibody titer with high or low S2 IFNγ spot frequency (NT50- S2
IFNγþ) and in patients with low S2 IFNγ spot frequency with high or low neutralizing antibody titer (NT50þ S2 IFNγ-).
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include an improvement in the prediction of the risk of BTI and a direct
contribution to immunity against BTI.

This study has several limitations. First, its sample size is relatively low
because it was a single-center study. This limitation was decreased by the
high incidence of symptomatic BTI during a period when delta and omi-
cron VOC were dominant, allowing us to detect statistically significant
associations with immunological parameters. A larger sample size may
have allowed us to detect significant associations with demographic and
clinical parameters. Further studies of correlates of protection in SOT re-
cipients are needed to validate our observations. Second, the study did not
include systematic screening of SARS-CoV-2 by PCR and therefore did not
allow us to diagnose asymptomatic SARS-CoV-2 BTI. Such systematic
screeningwas considered too challenging by the patients and by the study
team. Instead, priority was placed on diagnosing symptomatic BTI, which
we consider to be diagnosed with high sensitivity. Third, the study does
not provide information regarding immunity against severe COVID-19, as
most patients experiencing a BTI received therapeutic monoclonal anti-
bodies and consequently presented mostly mild symptoms. Finally, while
the very strong dominance of delta and omicron VOC in the Belgian
population during the study period indicates that these were likely the
cause of BTI in our study population, sequencing of SARS-CoV-2 was not
performed systematically after the diagnosis of BTI. Differences in corre-
lates of protection against delta and omicron variants have been suggested
and may have influenced our results.32
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In conclusion, this study shows that humoral and cellular immune
responses induced by booster vaccination correlate with protection
against SARS-CoV-2 BTI in kidney transplant recipients. These data
emphasize the importance of reaching and maintaining a high level of
immunity through vaccination in this vulnerable population and suggest
that vaccines inducing potent cellular immune responses, such as mRNA
vaccines, may be particularly useful in populations with suboptimal
humoral immune responses to vaccination. Further studies are needed to
confirm these findings.
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