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ARTICLE INFO ABSTRACT

Keywords: Lung transplant recipients have an increased risk for severe coronavirus disease 2019 (COVID-19) due to
Lung transplant infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). A third dose of a SARS-CoV-2
z’g\{/SIDC‘;ZZ vaccine has been recommended for all solid organ transplant recipients, but data from lung transplant re-

cipients specifically are scarce. In this study, the serologic response to a third dose of an mRNA-based SARS-CoV-
2 vaccine was measured in 78 lung transplant recipients. Sixty-two percent (n = 48) had a serological response to
vaccination, which was significantly higher than after the second vaccine dose (27 patients (35%); p = 0.0013). A
positive serologic response was associated with having had COVID-19 (p = 0.01), and higher serum IgG level and
complement mannose binding lectin pathway activity prior to vaccination (p = 0.04 and p = 0.03, respectively).
Serologic response was not associated with the dose of mycophenolate mofetil or prednisone or other immune
status parameters. Eleven patients (14%) developed COVID-19 after the second or third vaccine dose, but this did
not associate with serologic response after the second vaccine dose (9% in patients who developed COVID-19
versus 39% in patients who did not develop COVID-19 (p = 0.09)), or with serologic response above cut-off
values associated with clinical protection in previous studies. In conclusion, the response to mRNA-based
SARS-CoV-2 vaccines in lung transplant recipients improves significantly after a third vaccine dose. Factors
associated with a positive serologic response are having had COVID-19 prior to vaccination, and serum IgG and
complement mannose binding lectin pathway activity prior to vaccination. Serologic response did not associate
with clinical protection against COVID-19 in this study.

Vaccination response

1. Introduction

Vaccination against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is recommended for all solid organ transplant recipients,
in order to protect them against severe coronavirus disease 2019
(COVID-19). For lung transplant recipients, impaired response to
vaccination might be an especially pressing issue, as they usually receive
more intensive immunosuppressive therapy compared to other solid
organ transplant recipients. Indeed, the observed serologic response in
lung transplant recipients after two doses of an mRNA-based SARS-CoV-
2 vaccine is poor [1]. It is recommended to give a third vaccine dose to
all solid organ transplant recipients [2], but there are few reports on the
serologic response to a third vaccine dose in lung transplant recipients

specifically [3-5]. We previously reported on the serologic response to
two doses of an mRNA-based SARS-CoV-2 vaccine in 91 lung transplant
recipients [1]. We now analyzed the serologic response to a third dose of
an mRNA-based SARS-CoV-2 vaccine in the same cohort.

2. Methods

Participants were included from the total cohort of lung transplant
recipients that were followed up at St. Antonius Hospital in Nieuwegein,
the Netherlands as of March 2021. This hospital is a referral center for
lung transplantation in collaboration with University Medical Center
Utrecht, the Netherlands. The patient population comprises all types of
end-stage lung disease, except for cystic fibrosis. Standard

Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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immunosuppressive therapy used after lung transplantation consisted of
tacrolimus, mycophenolate mofetil and prednisone. Doses are higher
directly after transplantation, but after the first year post-
transplantation, regular doses were based on blood levels (target level
7-10 pg/mL) for tacrolimus, and were 500 mg twice daily for myco-
phenolate mofetil and 10 mg once daily for prednisone.

The study flow chart is shown in Fig. 1. In total 108 patients were
offered vaccination with two doses of an mRNA-based SARS-CoV-2
vaccine. The vaccines included BNT162b2 or mRNA-1273 [6,7],
depending on what priority group patients were in. In accordance with
national guidelines BNT162b2 was offered to healthcare personnel and
people with other high-risk professions, and mRNA-1273 was offered to
persons at an increased risk for severe COVID-19, including lung
transplant recipients. The former group had a higher priority ranking,
and therefore some lung transplant recipients employed in healthcare
were vaccinated earlier. The initial vaccinations were scheduled in April
and May 2021. The second dose was given approximately four weeks
after the first dose. SARS-CoV-2 IgG levels were measured prior to the
first vaccination, then four weeks after the first vaccination (prior to the
second vaccination), and ten weeks after the first vaccination (i.e. six
weeks after the second vaccination). The third dose was scheduled from
November 2021 onward, and in most cases BNT162b2 was used as this
was nationally allocated for persons at an increased risk for severe
COVID-19. Follow up was completed up to January 2022.

SARS-CoV-2 spike S1/S2 protein specific IgG antibody levels were
measured on the Liaison platform (DiaSorin, Saluggia, Italy). A positive
serologic response was defined as having detectable IgG antibodies
against SARS-CoV-2 after the second or third vaccination (cut-off >33.8

108 lung transplant recipients
offered SARS-CoV-2 vaccination
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BAU/ml). The lower and upper detection limits of the assay were 4.81
BAU/ml and 2080 BAU/ml, respectively. Previous studies have sug-
gested that antibody levels >94 BAU/mL after two BNT162b2 vaccine
doses associated with 67% of individuals being protected against
infection with the delta variant [8], and antibody levels >300 BAU/mL
after two mRNA-1273 doses associated with 90% vaccine efficacy. We
have evaluated the vaccine response in this cohort in relation to those
tresholds [9].

Clinical characteristics and immune status parameters were
retrieved from patient records. Immunoglobulin levels and IgG-
subclasses, as well as antibodies against pneumococcal poly-
saccharides are routinely followed up. Only measurements that were
taken less than six months prior to receiving the first dose of the SARS-
CoV-2 vaccine were included. Response to pneumococcal vaccination, as
well as antibodies to protein antigens, and complement level measure-
ments were done prior to transplantation. Pneumococcal vaccinations
were repeated post-transplantation, usually five years after the pre-
transplantation pneumococcal vaccination.

The pneumococcal vaccination schedules and methods for
measuring pneumococcal antibody levels have been previously
described [10]. The 2015 AAAAI/ACAAI classification was used for
overall categorization of the antibody response to pneumococcal
vaccination [11].

SPSS Statistics for Windows (version 26.0; Armonk, NY) was used for
data collection, statistical analyses, and designing of graphs. For com-
parison between two groups, the students t-test, Fisher exact test, Mann-
Whitney U test and Wilcoxon signed ranks test were used where
appropriate. For the multivariate model, logistic regression analysis was

Exclusion (n=15)

* Refusesvaccination (n=3)

* Vaccinationvia general
practitioner (n=5)

* Transplantation <3 months

93 lung transplant recipients
received two doses of mRNA-
based SARS-CoV-2 vaccine

ago (n=3)

* Developed COVID-19 after
first dose (n=2)

¢ Palliative care (n=1)

* Retransplantation after first
dose (n=1)

Exclusion (n=2)
* Missed appointment for

91 lung transplant recipients
with SARS-CoV-2 antibody levels
after second vaccine dose

antibody level measurement
(n=2)

Exclusion (n=2)
* Died due to other reason

89 lung transplant recipients
received third dose of mRNA-
based SARS-CoV-2 vaccine

than COVID-19 (n=2)

Exclusion (n=11)
* Missed appointment for

78 lung transplant recipients
with SARS-CoV-2 antibody levels
after third vaccine dose

antibody level measurement
(n=11)

Fig. 1. Study flow chart.
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used. A p-value of <0.05 was considered to be statistically significant.
All patients gave written informed consent for the use of their data in
clinical research, and this was approved by the local ethics committee.
The study was conducted in accordance with the Declaration of Helsinki.

3. Results

Eighty-nine patients received a third vaccine dose (BNT162b2 (n =
85) or mRNA-1273 (n = 4)) a median of 182 days after the second dose
(interquartile range 175-198). Two patients had died before a third
vaccine dose was offered, due to causes unrelated to COVID-19. Anti-
body levels were measured in 78 patients (Table 1). Thirty-eight patients
were female (49%) and the median age at the time of the first vacci-
nation was 62 years (interquartile range 53-67 years). The median time
since lung transplantation was 4.46 years (interquartile range
1.84-8.14) and 69 patients had received a double lung transplantation
(89%). Seventy patients received standard immunosuppressive therapy
at the time of vaccination (90%) and fifteen patients were receiving
antibody replacement therapy (19%). Thirteen patients had had COVID-
19 prior to their first vaccination (17%).

After the third vaccine dose, 48 patients (62%) had a serological
response to vaccination, which is significantly higher than after the
second vaccine dose (27 patients (35%); p = 0.0013) (Fig. 2). The me-
dian antibody concentration after the second vaccine dose was 0.00
BAU/mL (interquartile range 0.00-111.80). The median antibody con-
centration after the third vaccine dose was 132.50 BAU/mL (inter-
quartile range 5.90-2022.50). In contrast to the serologic response after
two vaccine doses, response after the third dose was not associated with
a lower dose of prednisone (p = 0.39) or mycophenolate mofetil (p =
0.08), or younger age at vaccination (p = 0.09) (Table 2). A serologic
vaccine response was associated with having had COVID-19 prior to
vaccination (p = 0.01). When comparing the vaccine response in lung
transplant recipients to previously suggested thresholds for clinical
protection against COVID-19, 41 patients (53%) had antibody levels
>94 BAU/mL, and 36 patients (46%) had antibody levels >300 BAU/
mL.

Results for immune status investigations are shown in Table 3. Total
serum IgG levels were higher in patients who had a serologic response to
vaccination (6.81 (interquartile range 6.12-8.39) versus 7.20
(6.46-8.04); p = 0.04) The median complement mannose binding lectin
pathway activity was significantly higher in patients who had a serologic
response to vaccination (98.5 (interquartile range 75.8-118.3) versus 68
(26-111.5); p = 0.03). Other serum immunoglobulin levels and IgG
subclass levels, as well as response to pneumococcal vaccination prior to
and after lung transplantation, were comparable between patients with

Table 1

Baseline clinical characteristics for 78 lung transplant recipients who received
three doses of mRNA-based SARS-CoV-2 vaccine and for whom antibodies
against SARS-CoV-2 were measured.

Female (%) 38 (49)
Median age in years (interquartile range) 62 (53-67)
Median years since transplantation (interquartile range) 4.46 (1.84-8.14)
Double lung transplantation (%) 69 (89)
Diagnosis prior to transplantation (%)

e COPD/Emphysema 27 (35)

e Pulmonary Fibrosis 45 (58)

e Cystic Fibrosis 1(1)

e Pulmonary Hypertension 2(3)

e Other 3(4)
Immunosuppressive therapy (%)

e Standard 70 (90)

e No mycophenolate mofetil 5(6)

e No tacrolimus 1(1)

e Sirolimus in addition to tacrolimus 23
Receiving antibody replacement therapy (%) 15 (19)
Documented COVID-19 prior to vaccination (%) 13 (17)

Transplant Immunology 72 (2022) 101599

a positive antibody response to the SARS-CoV-2 vaccine and patients
with a negative response to the SARS-CoV-2 vaccine. Antibody
replacement therapy was not associated with a response to the SARS-
CoV-2 vaccine.

Eleven patients (14%) developed COVID-19 after the second vaccine
dose. One patient developed COVID-19 between the second and third
vaccine dose and ten patients developed COVID-19 after the third vac-
cine dose. Of these eleven patients, one had a serologic response after
the second dose (9%), compared to 26 of 67 patients (39%) who did not
develop COVID-19 (p = 0.09). One patient who developed COVID-19
after the third vaccine dose died, and all other patients recovered.
Fifty-five patients did not have COVID-19 at any point, and antibody
levels after the second vaccine dose were positive in 16 (29%) of these
patients, compared to positive antibody levels in 27 of 55 patients (49%)
after the third vaccine dose. Patients who did not develop COVID-19
after the third vaccine dose had median antibody levels of 109.85
BAU/mL (interquartile range 1.48-1767.50) after the third vaccine
dose, compared to 1106.00 (85.03-2080.00) in patients who did
develop COVID-19 after the third vaccine dose (p = 0.10). Antibody
levels were > 94 BAU/mL after the third vaccine dose in 7 out of 10
patients who subsequently developed COVID-19 (p = 0.31 compared to
patients who did not develop COVID-19 after the third vaccine dose).
Antibody levels were > 300 BAU/mL after the third vaccine dose in 5 out
of 10 patients who subsequently developed COVID-19 (p = 1.00
compared to patients who did not develop COVID-19 after the third
vaccine dose).

4. Discussion

This study shows that 62% of lung transplant recipients have a
serologic response after the third dose of a SARS-CoV-2 mRNA-based
vaccine. This is significantly higher than a 35% serologic response rate
after the second vaccine dose. Factors associated with a better serologic
response were having had COVID-19 prior to vaccination, and having
higher serum IgG or complement mannose binding lectin activity prior
to vaccination. Serologic response to the SARS-CoV-2 vaccines was not
associated with the dose of mycophenolate mofetil or prednisone or
other immune status parameters.

These findings are in line with those from studies in other solid organ
transplant recipient, where similar seroconversion rates after the third
vaccine dose were observed [4]. Interestingly, neither serum IgG level
nor complement mannose binding lectin activity associated with the
serologic response after the second vaccine dose [1]. Hypogamma-
globulinemia was found to be associated with a decreased response to
mRNA-based SARS-CoV-2 vaccines in liver and heart transplant re-
cipients in a previous study [12]. The relation of complement mannose
binding lectin activity with the response to other vaccines has been
investigated, but no clear relation has been found [13,14]. Yet,
mannose-binding lectin recognition of the SARS-CoV-2 spike protein
does seem to be relevant in the pathogenesis of COVID-19 [15].

Fourteen percent of the lung transplant patients in this cohort
developed COVID-19 after the second or third vaccine dose. Impor-
tantly, this did not associate with the serologic response after the second
vaccine dose, although median antibody levels after the third vaccine
dose were nominally higher in patients who did not develop COVID-19.
Notably, vaccination seems to offer a lower degree of protection against
the SARS-CoV-2 Omicron variant [16,17]. However, the Delta variant
was the dominant circulating variant in The Netherlands at the time that
all but two patients who developed COVID-19 [18]. This indicates that
lung transplant recipients are still at a high risk for developing COVID-
19 despite vaccination. In this study only one patient died from COVID-
19, but to what degree vaccination provides protection against severe
COVID-19 in lung transplant patients cannot be definitively stated.

The present study has several limitations. First, we only focused on
serologic response to vaccination, whereas protection against severe
COVID-19 is a more important outcome measure. SARS-CoV-2 vaccines
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Fig. 2. Grouped scatter plot showing anti-SARS-CoV-
2 IgG antibodies in lung transplant recipients prior to
vaccination with SARS-CoV-2 vaccine, four weeks
after the first vaccine dose, six weeks after the second
vaccine dose, and a median of 55 days after the third
vaccine dose (interquartile range 42-75) after the
third vaccine dose. Patients were only categorized as
having had COVID-19 when they had had COVID-19
prior to antibody level measurement. Error bars
represent the group median with 25th and 75th per-
centiles. All values below the lower detection limit of
the assay were set to 0. After the third vaccine, anti-
body levels were significantly higher in patients who
had had COVID-19 prior to antibody level measure-
ment (n = 17) compared to patients who had not had
COVID-19 (n = 61; median 2080 BAU/ml (IQR
1175-2080) versus 47 (0-1042); p < 0.001). In all but
two patients, the antibody level after the third vac-
cine dose was higher than the antibody level after the
second vaccine dose. The dashed line represents the
2.5th percentile value of anti-SARS-CoV-2 IgG anti-
bodies after the first and second vaccination in 102
healthy volunteers, as provided by the manufacturer
(after the first vaccination the 2.5th percentile was
64.9 BAU/ml, and the median value 358.8 BAU/ml;
after the second vaccination the 2.5th percentile was
966.1 BAU/ml, and the median value 4435.6 BAU/
ml). There are no reference values available for the
response after the third dose in healthy volunteers.

(https://www.diasorin.com/sites/default/files/immagini/ese_infografica_vaccinated_indivuduals_ m0870004414 Ir.pdf).

Table 2

Antibody response to three doses of mRNA-based SARS-CoV-2 vaccine in 78 lung

transplant recipients.

Table 3

Immune status parameters in 78 lung transplant recipients who received three

doses of mRNA-based SARS-CoV-2 vaccine.

Positive Negative p-value Positive response  Negative p-
response (n = response (n = (n = 48) response (n = value
48) 30) 30)
Female (%) 23 (48) 15 (50) 0.86 Median IgM g/L (IQR) 0.58 (0.47-0.84) 0.65 (0.40-1.43) 0.16
Median age (IQR) 61 (50-65) 63 (55-68) 0.09 Median IgA g/L (IQR) 1.97 (1.06-2.42) 2.45(1.43-3.09) 0.80
Median years since 4.28 5.36 0.85 Median IgG g/L (IQR) 6.81 (6.12-8.39) 7.20 (6.46-8.04)  0.04
transplantation (IQR) (1.87-8.06) (1.62-10.52) Median IgG1 g/L (IQR) 4.54 (3.85-6.26) 5.08 (4.61-5.54) 1.00
Non-standard 4(8) 4(13) 0.48 Median IgG2 g/L (IQR) 1.56 (1.26-2.11) 1.44 (1.33-1.93) 0.58
immunosuppressive therapy Median IgG3 g/L (IQR) 0.19 (0.15-0.28) 0.24 (0.20-0.35)  0.86
(%) Median IgG4 g/L (IQR) 0.16 (0.11-0.32) 0.22(0.08-0.31)  0.64
Tacrolimus (%) 47 (98) 30 (100) 1.00 Median pneumococcal serotypes 3.5 (2-6) 4 (2-6) 0.89
Sirolimus added to tacrolimus 2(4) 0(0) 0.52 >1.3 pg/mL (IQR) *
(%) Response to pneumococcal 39 (81) 29 (97) 0.08
Mycophenolate mofetil (%) 47 (98) 26 (87) 0.08 vaccination prior to
o Lower dose (%) 7 (15) 4(13) transplantation
o Standard dose (%) 37 (77) 17 (57) Normal (%) 26 (67) 22 (76) 0.44
e Higher dose (%) 2(7) 6 (10) Moderately impaired (%) 12 (31) 6 (21) 0.41
Prednisone (%) 48 (100) 30 (100) 0.39 Severely impaired (%) 13 1(3) 1.00
e Lower dose (%) 11 (23) 4(13) Response to pneumococcal 25 (52) 17 (57) 0.87
e Standard dose (%) 35(73) 23 (77) vaccination after
o Higher dose (%) 2(4) 3(10) transplantation
COVID-19 prior to vaccination 12 (25) 13 0.01 e Normal (%) 8(32) 4 (24) 0.73
(%) e Moderately impaired (%) 13 (52) 13 (76) 0.19
Positive SARS-CoV-2 antibodies 9(19) 13 0.08 e Severely impaired (%) 4 (16) 0 (0) 0.13
prior to first vaccination (%) * Median complement mannose 98.5 68 (26-111.5) 0.03
Positive SARS-CoV-2 antibodies 15 (31) 1(3) 0.01 binding lectin pathway (75.8-118.3)
prior to second vaccination activity (IQR)
(%) # Any respiratory tract infectionin 11 (26) 12 (48) 0.17
Positive SARS-CoV-2 antibodies 25 (52) 2(7) <0.001 the year prior to vaccination
after second vaccination (%) (%) #
Antibody replacement therapy 8(17) 7 (23) 0.47

IQR = interquartile range. Percentages for subcategories are based on the

number of patients for whom that parameter was available. * available in 77
patients. # available in 76 patients. Positive response defined as an IgG con-

centration > 33.8 BAU/ml.

have been shown to protect solid organ transplant recipients against
severe COVID-19 [19], but it remains to be determined to what degree

(%)

Percentages for subcategories are based on the number of patients for whom that

parameter was available. IQR = interquartile range; MP = mannose-binding
lectin pathway. * available in 55 patients, measured <6 months prior to the first

serologic response correlates with clinical protection in solid organ

dose of a SARS-CoV-2 vaccine. # only available in 67 patients transplanted at
least a year prior to vaccination with a SARS-CoV-2 vaccine (42 with a positive
antibody response and 25 with a negative antibody response).
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transplant recipients. Even for the general population, clinically relevant
cut-off values for antibody levels that associate with clinical protection
are not yet available [20]. In some solid organ transplant recipients a
cellular immune response to SARS-CoV-2 vaccination has been observed
even in the absence of a serologic response [21]. However, routinely
testing the cellular immune response or neutralizing antibodies is
difficult in clinical practice. Measuring the serologic response, on the
other hand, can be performed relatively easily. This might be used to
decide which patients could benefit from booster vaccination doses. A
second limitation of this study is that we were unable to include an
appropriate control group. However, available data, generated with the
same laboratory platform, indicate that almost all healthy individuals
have a relevant and durable serologic response to SARS-CoV-2 vaccines
[22]. Third, data on immune status parameters was collected retro-
spectively and was missing in some patients. Finally, as in most studies
on lung transplant recipients, this study has a relatively small sample
size. The lack of association between vaccine response and the dose of
immunosuppressive medication or clinical protection against COVID-19
might be related to this small sample size.

In conclusion, the serologic response to mRNA-based SARS-CoV-2
vaccines in lung transplant recipients improved after a third vaccine
dose. Having had COVID-19 prior to vaccination was associated with a
better vaccine response, but in almost all cases antibody levels obtained
after the 3rd vaccine dose were higher than after the 2nd vaccine dose.
Multiple breakthrough infections were observed, but this did not asso-
ciate with serologic vaccination response.
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