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Abstract: Solid organ transplant (SOT) recipients are at increased risk of COVID-19 infection because
of their suppressed immunity. The available data show that COVID-19 vaccines are less effective in
SOT recipients. We aimed to assess the cellular and humoral immunogenicity with an increasing the
number of doses of COVID-19 vaccines in SOT recipients and to identify factors affecting vaccine
response in this population. A systematic review and meta-analysis were conducted to identify
ongoing and completed studies of humoral and cellular immunity following COVID-19 vaccines in
SOT recipients. The search retrieved 278 results with 45 duplicates, and 43 records did not match
the inclusion criteria. After title and abstract screening, we retained 189 records, and 135 records
were excluded. The reasons for exclusion involved studies with immunocompromised patients
(non-transplant recipients), dialysis patients, and individuals who had already recovered from SARS-
CoV-2 infection. After full-text reading, 55 observational studies and randomized clinical trials
(RCTs) were included. The proportion of responders appeared higher after the third, fourth, and
fifth doses. The risk factors for non-response included older age and the use of mycophenolate
mofetil, corticosteroids, and other immunosuppressants. This systematic review and meta-analysis
demonstrates the immunogenicity following different doses of COVID-19 vaccines among SOT
patients. Due to the low immunogenicity of vaccines, additional strategies to improve vaccine
response may be necessary.

Keywords: solid organ transplant; immunosuppressed patients; humoral and cellular immunity;
COVID-19 vaccine; BNT162b2 (BioNTech /Pfizer); kidney transplant; liver transplant; heart transplant;
lung transplant

1. Introduction

COVID-19 or the coronavirus-associated disease of 2019, caused by the novel coro-
navirus SARS-CoV-2, affected the field of solid organ transplantation profoundly, which
caused a decline in transplant activity during the pandemic’s first wave [1]. In addition,
the number of comorbidities these individuals have has been linked to a poorer response
to the COVID-19 vaccine rather than the net state of immunosuppression [2,3]. Solid organ
transplant (SOT) recipients were a priority for immunization against COVID-19 because
they were developing a higher rate of COVID-19-related complications. Additionally, all of
the COVID-19 vaccinations were suitable and safe for transplant recipients because none of
them used live, replicating viral vectors [4].

There is a paucity of clinical effectiveness studies of SARS-CoV-2 vaccines in the setting
of SOT. Antibody (humoral immunity) responses to COVID-19 vaccines in SOT recipients
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are diminished compared with those of the general population [5]. A retrospective study
reported that the anti-SARS-CoV-2 antibody prevalence was 0% prior to the first dose, 4%
prior to the second dose, 40% prior to the third dose, and 68% four weeks after the third dose
in SOT recipients; nevertheless, the number of doses of COVID-19 vaccines recommended
for SOT recipients is still not clear [6]. On the other hand, a study investigated T cell (cellular
immunity) responses in SOT recipients and reported that the percentage of CD4+ T cells
responding to the second dose of the vaccine was reported to be 90% [7]. The relationship
between these T cell responses and protection against SARS-CoV-2 infection or a decrease
in illness severity is still unknown, in contrast to that for antibody responses [8].

Hence, our study aimed to assess the effect of different doses of COVID-19 vaccines
on the immune responses, both cellular and humoral, in SOT recipients and identify the
factors affecting vaccine response in this population.

2. Materials and Methods

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
criteria were followed for this systematic review and meta-analysis [9]. This system-
atic review was registered in the PROSPERO database, and the registration number
is CRD42022340783.

2.1. Search Strategy

A comprehensive systematic literature search was performed utilizing the databases
PubMed, Scopus, ClinicalTrials.gov, and Web of Science to identify the ongoing and com-
pleted clinical trials of humoral and cellular immunity following COVID-19 vaccines in
SOT recipients, and it retrieved all studies in the English language identified from inception
to 1 January 2023 (see Supplementary File S1).

We implemented a two-stage screening process, initially by evaluating titles and
abstracts, followed by a thorough examination of full-text articles. Two researchers, H.S.
and A.S., independently screened each title, abstract, and full text. Any discrepancies that
arose were resolved through reaching a consensus with a third researcher, A.Y.

We performed a meta-analysis of observational studies and randomized clinical trials
(RCTs) that met the following inclusion criterion: SOT recipients over 18 years old who
received one, two, three, four, or five doses of any type of COVID-19 vaccine. RCTs, cohorts,
case series, and case reports were included.

We excluded studies that enrolled immunocompromised patients who were not trans-
plant recipients, dialysis patients, individuals who had previously recovered from SARS-
CoV-2 or were actively infected at the time of vaccination or within seven days after the
second dose. Additionally, patients who tested positive for SARS-CoV-2 in polymerase
chain reaction (PCR) tests before or after receiving the first dose and/or within the first
week following the second dose were also excluded.

2.2. Data Extraction

Two authors (H.S. and A.S.) utilized a standardized data extraction form to extract
the data. The information included the first author, publication date, study design, type of
vaccination, number of transplant recipients, type of transplant, number of healthy controls
(HCs), seroconversion, and factors influencing vaccine response. The extracted key data
underwent a thorough review, and their quality was assessed in the conclusion of the data
extraction process by the same two researchers (refer to Supplementary Files S2 and S3).

2.3. Risk of Bias Assessment

The Newcastle-Ottawa Scale (NOS) evaluates the risk of bias in non-randomized trials.
The selection of the research group, group comparability, and the confirmation of either
the exposure or the result of interest for case—control or cohort studies, respectively, were
utilized as the three key aspects in the “star system” used to rate studies. Each numerical
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item in the selection and exposure categories can earn a study a maximum of one star. For
comparability, a maximum of two stars may be assigned.

Two reviewers (H.S. and A.S.) independently judged these domains, and all discrep-
ancies were resolved by obtaining the independent opinion of a third reviewer (A.Y.).

Randomized clinical trials were assessed using Review Manager 5.4 software. The
desktop version of the program was used for non-Cochrane reviews, offline work, and
altering reviews that were not currently editable in RevMan Web (diagnostic test accuracy
reviews) (see Supplementary File 54).

3. Results

The search retrieved 278 results on PubMed /Medline, with 45 duplicates being ex-
cluded. After title and abstract screening, of the 233 records, 178 records were excluded.
After reading the full texts, 55 studies were included [6,10-61] (Figure 1). Many studies
were prone to bias; two of them were RCTs estimated to be of good quality and the others
were observational studies (1 = 55).
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Figure 1. PRISMA flow chart of the included studies.

The review included 55 studies, of which 52 were analyzed in the meta-analysis aiming
to assess the humoral response in accordance with each additional vaccine dose, with
7303 patients being included overall; 44.5% (3251 patients) achieved a humoral response
following the administration of all doses of vaccines, and the random effect model was
0.44 (95% confidence interval = 0.39 to 0.49; IZ = 93.7%). (See Supplementary File S5).

The humoral immune response was identified using the cutoff value provided by
the assay’s manufacturer to detect the presence of anti-spike antibodies. These antibod-
ies specifically target the spike protein of SARS-CoV-2, and include anti-RBD or anti-S1
antibodies. On the other hand, the cellular immune response in the studies was deter-
mined by assessing the presence of SARS-CoV-2-specific T cells. This assessment was
conducted using techniques such as T-EliSpot, interferon-y release assays, or the detec-
tion of activation-induced markers (AIM) in flow cytometry-sorted cells. These methods
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allowed the researchers to identify and measure the activation or response of T cells specifi-
cally targeting SARS-CoV-2.

3.1. Cellular and Humoral Responses after a First Dose

As shown in Table S1 [14,19,21,60], studies conducted on a variety of SOT recipi-
ents explain the immunogenicity of the COVID-19 vaccines, which were developed by
Pfizer-BioNTech (BNT162b2), Moderna (mRNA-1273), Oxford / AstraZeneca (ChA-dOx1
nCoV-19), and Janssen (Ad26.COV2. S).

The cellular response following the first dose of the COVID-19 vaccine among SOT
recipients was extremely low compared to that of the general population. Hall et al.
observed that only 4 out of 40 participants (10%) developed a T cell response following
the first dose of the vaccine. Gianpiero et al. showed poor T cell responses following
the first dose of the vaccine in liver transplant (LT) recipients, where the median IFN-
v level increased from 3.5 pg/mL (interquartile range (IQR) of 0.1-10.8) to 9.5 pg/mL
(IQR of 2.1-29.9), whereas in HCs, the median IFN-y level was 0.85 pg/mL (IQR of 0.1-5.7),
but it increased after the first dose to 112.2 pg/mL (IQR of 53.5-205.0).

The humoral response following the first dose also showed a poor antibody response
among SOT recipients. One study by Benotmane et al. showed that the seroconversion rate
was 10.8% after the first dose of the Moderna mRNA-1273 COVID-19 vaccine [19]. Only
2 out of 12 individuals who received the Janssen vaccination were shown to have anti-RBD
antibodies, according to Boyarsky, as opposed to the 430 out of 725 patients who finished the
mRNA vaccine series (17% versus 59%) [15]. According to Schmidt et al.’s findings, 95.7%
of immunocompetent individuals and 26.3% of transplant recipients exhibited detectable
antibodies and/or T cells following a single dose of mRNA or vector-based vaccine [14].

In this meta-analysis, 17 out of the 52 included studies reported a humoral response
after the first dose, which showed that 850 patients (22.7%) out of 3735 patients developed
humoral responses, with a pooled proportional random effect of 0.12 (95% CI = 0.07 to 0.2,
I = 81.6%) (see Figure 2).

3.2. Cellular and Humoral Responses after a Second Dose

Our review of the literature revealed 37 studies that showed COVID-19 vaccine
effectiveness after only two doses. Most of these studies pertained to vaccines that were de-
veloped by Pfizer-BioNTech (BNT162b2), Moderna (mRNA-1273), or Oxford / AstraZeneca
(ChAdOx1 nCoV19) [12,13,15-20,22,23,29-32,34,37,40,42-61].

In June 2021, Brian ]J. Boyarsky et al. demonstrated slight improvements in the cellular
responses of transplant recipients (n = 658) after a second dose compared to those after a
first. Nearly 51% of the study population received the BNT162b2 (Pfizer-BioNTech) vaccine
and 49% received the mRNA1273 (Moderna) vaccine. A detectable antibody response was
observed in 98 participants (15%) following dose one and in 357 participants (54%) after
dose two at a median (IQR) of 29 (28-31) days. Overall, a majority of the participants
exhibited detectable antibody responses after receiving the second dose. However, those
who did not show a response after the first dose had relatively low levels of antibodies [58].

Victoria G. Hall et al. reported on the humoral response in (n = 127) SOT recipi-
ents. Anti-RBD antibodies were detected in 34.5% of the participants after the second
dose of the mRNA-1273 (Moderna) vaccine, and 26.9% developed neutralizing antibodies
primarily after the second dose [55]. In July 2021, in a single-center cohort study con-
ducted by Alessandra Mazzola et al., the humoral response to the BNT162b2 vaccine
(Pfizer /BioNTech) was evaluated in SOT recipients (n = 143) and HCs (n = 25), with the
seroconversion rate after the second dose being significantly lower in the SOT recipients
compared to that in the HCs (28.6% vs. 100.0%, respectively; p < 0.0001) [40].

The meta-analysis reported on the seroconversion rates in 29 studies with a total of
3433 patients, of whom 1180 (34.3%) exhibited a humoral response after receiving a second
dose of the COVID-19 vaccine, with a pooled proportion of the random effects model of 0.3
(95% CI = 0.26 to 0.34; 1> = 81.6%). (see Figure 3).
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Pooled proportion of positive antispike Ab after the 1st dose of vaccination

Study name Subgroup within study Statistics for each study Event rate and 95% CI

Event Lower Upper Relative

rate limit limit Total weight

Strauss, 2021 After 1st Dose 0.242 0.273 0.418 55/161 » .60
Kamar, 2021 After 1st Dose 0.040 0.015 0.101 4/101 568
Hall, 2021 After 1st Dose 0.050 0.022 0.106 ¢&/121 5.99
Herrera, 2021 After 1st Dose 0.2€0 0.184 0.2352 27/104 - .50
Boyarsky (A), 2021 After 1st Dose 0.149 0.124 0.178 98/658 N 8.67
Boyarsky (B). 2021 After 1st Dose 0.586 0.550 0.621 432/737 u 6.70
Shostak, 2021 After 1st Dose 0.028 0.01¢6 0.077 6/168 €.00
Ben Zadok, 2021  After 1st Dose 0.154 0.071 0.202 6&/29 - 591
Schmidt, 2021 After 1st Dose 0.053 0.013 0.187 2/38 490
Chavarot, 2021 After 1st Dose 0.020 0.005 0076 2/101 495
Benotmane, 2021 After 1st Dose 0.122 0.084 0.174 257205 n .52
Boyarsky, (C). 2021 After 1st Dose 0.174 0.142 0.213 76/428 . eee
Yanis 2021 After 1st Dose 0.010 0.001 0.138 0/51 277
Cu 2021 After 1st Dose 0.120 0.105 0.160 77/592 E. e.ce
Schramm 2021 After 1st Dose 0.040 0.010 0.146 2/50 492
Mazzola 2021 After 1st Dose 0.072 0.028 0.1233 9/125 | ] e.21
Erol 2021 After 1st Dose 0.479 0.243 0618 23/48 —’— .28

0.119 0.069 0.198 850/3735 <>
0

0.0 0.50 1.00

Heterogeneity: 1=142; Q=611.4, df=16, P<0.001; P=97% mndividual # Average

Figure 2. Pooled proportion of positive anti-spike Ab after administration of a first dose. Number
of studies: 17. Number of patients: 3735. Number of responses: 850. Proportion (95% CI): 0.12
(0.07 to 0.2). The pooled proportion of positive anti-spike Ab after a first dose of vaccination from the
random effects model was 0.12 (95% CI: 0.07 to 0.2). There was considerable heterogeneity between
the studies reporting seroconversion rates after the administration of a second dose of the vaccine
(I? = 81.6%) [10,13-15,17,18,20,21,25,26,28,34,36,39,42,45,47].

3.3. Cellular and Humoral Responses after a Third Dose

The cellular response following the third vaccination was demonstrated in a RCT
where only 17 patients out of 197 developed a T cell response, whereas an antibody response
was found in 39% of the study population [25]. In a separate RCT, 120 SOT recipients who
received two doses of mRNA-1273 were randomly assigned to receive a third dose or a
placebo two months later (dosing schedule: 0, 1, and 3 months). Hall et al. found that 55%
of the mRNA-1273 group and 18% of the placebo group achieved a serological response
characterized by an anti-RBD antibody level of at least 100 U per milliliter. The relative risk
was 3.1 (95% CI, 1.7 to 5.8; p < 0.001). The median virus neutralization rate after the third
dose was 71% in the mRNA-1273 group and 13% in the placebo group. Additionally, after
receiving the third dosage, the mRNA-1273 group had higher median SARS-CoV-2-specific
T cell counts (432 vs. 67 cells per 106 CD4+ T cells; 95% CI for the between-group difference:
46 to 986) than the placebo group did [33].

In a case series of 30 SOT recipients, William A. Werbel et al. reported that after
receiving a third dose of the Janssen, Moderna (mRNA1273), or Pfizer-BioNTech vaccine,
there was a notable increase in positive antibody titers. Six patients who initially had
low-positive antibody titers exhibited high-positive antibody titers following the third dose.
Of the 24 patients who initially had negative antibody titers before the administration of the
third dose, only 25% exhibited high-positive antibody titers after receiving the third dose.
Additionally, 8% of the patients showed low-positive antibody titers, while the remaining
67% maintained negative antibody titers [9].

Nassim Kamar et al. studied the prevalence of anti-SARS-CoV-2 antibodies among 101
different SOT recipients, and the results showed that prior to the first dose, 0% (95% CI, 0 to
4;0/101) of the SOT recipients had detectable antibodies, but the proportion increased to 4%
(95% CI, 1 to 10; 4/101 patients) prior to the second dose and 40% (95% CI, 31 to 51; 40/99)
prior to the third dose. Four weeks after the third dose, 68% (95% CI, 58 to 77; 67/99) of the
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SOT recipients had detectable antibodies. A third dose of the BNT162b2 vaccine resulted
in improved immunogenicity. Notably, no cases of COVID-19 were reported among
these patients.

Pooled proportion of positive antispike Ab after the 2nd dose of vaccination

Study name Subgroup within study  Statistics for each study Event rate and 95% CI

Event Lower Upper Relative

rate limit limit Total weight
Strauss, 2021 After 2nd Dose 0.488  0.390 0.543 75/161 - 4.51
Kamar, 2021 After 2nd Dose 0.284 0275 04683 28/99 - 4.14
Peled, 2021 After 2nd Dose 0.182 0.1 0.284 14/77 . 2.48
Hall, 2021 After 2nd Dose 0.291 0.214 0.382 232/110 - 4.12
Herrera, 2021 After 2nd Dose 0.285 0.298 0.481 40/104 E N 4.20
Boyarsky (A), 2021  After 2nd Dose 0.294 0.357 0.431 259/658 [ | 494
Shostak, 2021 After 2nd Dose 0.181 0125 0.254 25/138 L o 405
Rozen-2vi , 2021 After 2nd Dose 0.284 0312 0.419 112/208 = 475
Ben Zadok, 2021 After 2nd Dose 0.357 0.204 0546 10/28 - 278
Schmidt, 2021 After 2nd Dose 0294 0168 0488 10/234 —— 2.90
Grupper, 2021 After 2nd Dose 0.275 0.298 0.459 51/128 - 4.27
Rabinowich, 2021  After 2nd Dose 0.475 0.288 0584 238/80 —— 403
Korth, 2021 After 2nd Dose 0217 0092 0428 5/23 —- 2.15
Chavarot, 2021 After 2nd Dose 0057 0014 0202 2/35 -— 1.23
Benotmane, 2021  After 2nd Dose 0.261 0.298 0.429 74/205 L 4.59
Marinaki, 2021 After 2nd Dose 0.588 0.419 0.739 20/34 —— 3.09
Bruminhent 2021 After 2nd Dose 0.114 0044 0288 4/35 - 202
Alejo 2021 After 2nd Dose 0.278 0.121 0519 5/18 —.— 2.05
Peled 2021 After 2nd Dose 0.271 0.191 0388 26/98 - 2.98
Schrezenmeier 2021 After 2nd Dose 0.019 0.001 0.244 0/25 -—— 0.42
Holden 2021 After 2nd Dose 0.250 0254 04680 28/80 - 3.95
Yanis 2021 After 2nd Dose 0.218 0.124 0.349 11/51 —— 2.15
Sadioglu 2021 After 2nd Dose 0.188 0119 0285 18/85 o 3.61
Benning 2022 After 2nd Dose 0.204 0.232 0.286 41/135 E o 4.20
Ou 2021 After 2nd Dose 0.478 0.429  0.527 191/400 » 485
Karaba 2021 After 2nd Dose 0234 0135 0375 11/47 —— 2.12
Schramm 2021 After 2nd Dose 0.080 0.019 0.170 3/50 —-— 1.76
Mazzola 2021 After 2nd Dose 0.218 0156 0.296 29/132 - 4132
Erol 2021 After 2nd Dose 0.250 0.148 0.390 12/48 —— 2.20
0.201 0.262  0.242 1180/ 3432 e
0.00 0.50 1.00

Heterogeneity: 1°=0.19; Q=152, df=28, P<0.001; F=81.6% mndividual ®Average

Figure 3. Pooled proportion of positive anti-spike Ab after administration of a second dose. Number
of studies: 29. Number of patients: 3433. Number of responses: 1180. Proportion (95% CI): 0.30
(0.26 to 0.34). The pooled proportion of positive anti-spike Ab after a second dose of vaccination from
the random effects model was 0.3 (95% CI: 0.26 to 0.34; N = 3433). There was substantial heterogeneity
between the studies reporting on seroconversion rates after the administration of a second dose of
vaccine (I2 = 81.6%). We noted that the seroconversion rate increased from 12% after the first dose to
30% after the second dose [10,12-15,18-24,26,27,29,30,32-40,42,44,45,47].

Antibody responses from administering a third dose of vaccination were reported in
12 studies with a total of 816 patients, of whom 350 (42.9%) achieved a humoral response.
The random effect model was 0.43 (95% CI: 0.34 to 0.52; I = 83.3%). (see Figure 4).

3.4. Cellular and Humoral Responses after a Fourth Dose

In January 2022, Sophie Caillard et al. investigated whether or not administering
an mRNA-based anti-SARS-CoV-2 vaccine to KT recipients who had minimal serologic
responses to the previous three doses would result in an increase in anti-spike IgG titers.
Therefore, one month after a third dose, 92 KT recipients with anti-spike IgG titers of less
than 143 BAU/mL were studied; 34 individuals received a fourth dose of the BNT162b2
mRNA vaccine (Pfizer), while 58 individuals received a fourth dose of the mRNA-1273
vaccine (Moderna). The data showed that the proportion of patients who had anti-spike
IgG titers above 143 BAU/mL following the fourth dose of the BNT162b2 vaccine was
48%, and there were higher IgG titer levels for those who received the mRNA-1273 vaccine
(52%) [38].
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Pooled proportion of positive antispike Ab after the 3rd dose of vaccination

Study name Subgroup within study Statistics for each study Event rate and 95% CI
Event Lower Upper Relative

rate limit limit Total weight
Kamar, 2021 After 3rd Dose 0.263 0.185 0.358 26/99 - 9.45
Hall, (A) 2021 After 3rd Dose 0433 0315 0.560 26/60 9.09
Werbel, 2021 After 3rd Dose 0.267 0139 0450 8/30 —— 7.28
Alejo 2021 After 3rd Dose 0389 0198 0621 7/18 —i— 6.49
Reindl-Schwaighofer 202After 3rd Dose 0.386 0.320 0.456 76/197 B 10.24
Peled 2021 After 3rd Dose 0396 0303 0.497 38/96 E B 9.66
Schrezenmeier 2021 After 3rd Dose 0.360 0.199 0560 9/25 —— 7.24
Kamar 2021 After 3rd Dose 0.135 0057 028 5/37 -, 6.51
Karaba 2021 After 3rd Dose 0.489 0.351 0.629 23/47 —— 8.72
Kumar 2022 After 3rd Dose 0.765 0630 0.861 39/51 —i- 8.27
Correia 2022 After 3rd Dose 0580 0494 0662 76/ 131 s 9.97
Karaba, 2022 After 3rd Dose 0680 0478 0.831 17/25 —— 7.10

0426 0337 0.521350/816 ‘»

0.00 0.50 1.00

Heterogeneity: 1=0.35; Q=65, df=11, P<0.001; ’=83.1%

Bindividual ®Average

Figure 4. Pooled proportion of positive anti-spike Ab after administration of a third dose. Number
of studies: 12. Number of patients: 816. Number of responses: 350. Proportion (95% CI): 0.43
(0.34 to 0.52). The pooled proportion of positive anti-spike Ab after a third dose of vaccination
from the random effects model was 0.43 (95% CI = 0.34 to 0.52; N = 816). There was substantial
heterogeneity between the studies reporting on seroconversion rates after the administration of a
third dose of a vaccine (I? = 83.3%) [6,11,16,30-34,40,41,46,60].

Nassim Kamar et al. assessed the efficacy of a fourth dose of the mRNA-based
BNT162b2 vaccine (Pfizer-BioNTech) in 37 solid organ transplant (SOT) recipients. Among
them, 13.5% had a weak response to the previous three doses, and 83.8% had no response.
Prior to the fourth dose, only 13.5% of the patients had detectable anti-SARS-CoV-2 anti-
bodies. However, one month later, 18 out of 37 patients (48.6%) had detectable antibodies
(p = 0.002). Among the five patients who had seropositive results before the fourth dose,
the median antibody concentration increased significantly from 4 BAU/mL (range of
1-9 BAU/mL) to 402 BAU/mL (range of 87-508 BAU/mL) four weeks after the fourth dose
(p < 0.001). When compared to individuals who had no response, those with detectable
antibodies before the fourth dose had significantly higher antibody concentrations 4 weeks
after dose four was administered [28].

Out of a total of 172 patients, 84 (48.8%) showed antibody responses after receiving
four doses of the vaccine, with an 12 of 84.8% and a pooled proportion random effect model
of 0.48 (95% CI: 0.25 to 0.72). (see Figure 5).

3.5. Cellular and Humoral Responses after a Fifth Dose

Aura T. Abedon et al. described a case series in which SOT recipients showed en-
hanced antibody responses after receiving dose five of a SARS-CoV-2 vaccination. Of the
18 participants who received a fifth dose, 56% had previously receiveld four doses of an
mRNA vaccine, while 44% had received three doses of a mRNA vaccine and one dose of
Ad.26.COV2.S. Antibody testing was conducted using the Roche enzyme immunoassay
between 21 and 34 days after the fifth dose. Of the 17 participants who were tested on
the same platform, all had higher antibody titers (100%). However, one participant tested
seronegative on two different platforms before and after receiving the fifth dose. The study’s
authors highlighted the importance of continuing to test for antibodies even after receipt of
a booster dose and considering other approaches such as passive immunoprophylaxis or
immunosuppressive modulation for those who do not respond well to vaccination. In May
2022, a cohort study analyzed a total of 4277 SARS-CoV-2 vaccinations in 1478 patients.
Following 1203 basic vaccinations, the serological response rate was 19.5%. However, for
subsets of 603, 250, and 40 patients, the response rates increased to 29.4%, 55.6%, and 57.5%
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after the third, fourth, and fifth vaccinations, respectively. The cumulative response rate
was found to be 88.7% [61].

Pooled proportion of positive antispike Ab after the 4th dose of vaccination

Study name Subgroup within study Statistics for each study Event rate and 95% CI

Event Lower Upper Relative

rate limit limit Total weight
Alejo 2021 After 4th Dose 0.167 0.055 0.409 3/18 4 21.22
Kamar 2021 After 4th Dose 0.351 0.216 0.515 13/37 27.43
Caillard 2022After 4th Dose 0.500 0.399 0.601 46/92 29.75
Karaba, 2022After 4th Dose 0.880 0.687 0.961 22/25 —i 21.59
0.480 0.252 0.717 84 /172
0.00 0.50 1.00

Heterogeneity: 1?=0.84; Q=19.7, df=3, P=0.52; I’=84.8% MIndividual @ Average

Figure 5. Pooled proportion of positive anti-spike Ab after administration of a fourth dose. Number
of studies: 4. Number of patients: 172. Number of responses: 84. Proportion (95% CI): 0.48
(0.25 to 0.72). The pooled proportion of positive anti-spike Ab after a fourth dose of vaccination from
the random effects model was 0.48 (95% CI: 0.25 to 0.72; N = 172). There was substantial heterogeneity
between the studies reporting on seroconversion rates after the administration of a fourth dose of
vaccine (I? = 84.8%) [30,34,43,60].

3.6. Immunogenicity in the Organ-Transplanted Population

LT recipients receive less intense induction and maintenance immunosuppressive med-
ications, potentially leading to a more robust humoral response. In a study by Alexandra
T. Strauss et al., it was determined whether or not LT recipients who received a two-dose
mRNA vaccine series, either mRNA-1273 (Moderna) or BNT162b2 (Pfizer-BioNTech), devel-
oped SARS-CoV-2 antibodies. With a median of 21 days (IQR of 19-25 days) after the first
dose, the study found that 34% (95% CI, 27-42%) of the participants exhibited detectable
antibodies and 81% (95% CI, 74-87%) after the second dose at a median of 30 days (IOR of
28-31 days) as shown in Figure 2, and 3. Among these individuals, 34% were responders to
the priming dose (D1+/D2+), 47% were responders to the booster dose (D1—/D2+), and
19% did not respond to the vaccine [22]. Rabinowich L. et al. reported that 80 LT patients
in a cohort that had received two doses of the BNT162b2 vaccination had a lower antibody
response rate of only 47.5%, which was in contrast to the findings of Alexandra T. Strauss
et al.’s study [16]. In October 2021, Gianpiero D’Offizi et al. reported that the humoral
response, measured as the anti-spike antibody level, was significantly lower in LT recipi-
ents compared to that of the HCs after receiving the second dose of the anti-SARS-CoV2
mRNA vaccine (77.0% vs. 100%, p = 0.001). On the other hand, the cellular response data
showed that the LT recipients had a significantly lower positive IFN-y response at dose
two compared to the HCs (72.1% vs. 100%, p < 0.0001). In both the humoral and cellular
arms, the response rates for the LT recipients were lower than those for the HCs [49]. Yana
Davidov and colleagues conducted another study that found that LT recipients had lower
immune responses to the BNT162b2 mRNA vaccine than the HC group did, and they were
of similar ages. The study showed that out of 76 liver transplant recipients, 55 (72.4%) had
a positive antibody response, while out of 174 immunocompetent controls, 164 (94.3%)
had a positive response (OR, 6.26; 95% CI, 2.8-14.1; p < 0.0001), as measured at a median
35 days (IQR of 17-52 days) after the second vaccine dose [51].

Moreover, kidney transplant (KT) recipients showed inadequate antibody responses
to SARS-CoV-2 mRNA vaccinations. In a prospective cohort study of consecutive KT
recipients, after receiving the second dose of the BNT162b2 vaccine, only 36.4% of the
308 KT recipients tested positive for anti-spike (anti-S) antibodies within 2—4 weeks [12].
Grupper et al. reported poor humoral responses to two doses of the BNT162b2 SARS-CoV-2
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vaccine in KT recipients. The study included 136 KT recipients who had received the full
vaccination, and it compared their humoral responses to those of 25 HCs. The outcomes
demonstrated that all HCs generated positive responses to the spike protein, whereas
only 51 of the 136 transplant recipients (37.5%) had positive serology, demonstrating a
statistically significant difference (p = 0.001) [15]. In contrast, Korth J. et al. reported
that only 5 of 23 (22%) KT recipients tested positive for SARS-CoV-2 IgG antibodies vs.
23 (100%) HCs after a second dose of vaccine of BNT162b2 (Pfizer-BioNTech) [17]. While
Rezzan Eren Sadio~glu et al. noticed that the antibody responses after two doses of
inactivated vaccine (CoronaVac) among 85 KT recipients were considerably low (18.8%) [31],
Louise Benning et al. reported that among 173 KT recipients who received two doses of
mRNA or AstraZeneca vaccines, anti-spikel, anti-receptor binding domain, and surrogate
neutralizing antibodies were detectable in 30%, 27%, and 24%, respectively [32].

Moreover, the immune responses of 77 heart transplant (HT) recipients who received
two doses of the BNT162b2 vaccine were reported in a prospective study by Yael Peled
et al. Anti-RBD IgG antibodies were detectable in 14 (18%) of the recipients after a mean
of 21 days following the second dose. Of those with IgG anti-RBD antibodies, eight (57%)
had immune sera-neutralized SARS-CoV-2 pseudo-virus [44]. The same author conducted
another cohort study which found that among 96 adult HT recipients, a homologous third
dose of the Pfizer BNT162b2 vaccine administered 18 days after the second dose resulted
in a significant increase in the positive antibody response from 23% to 67%, along with
a corresponding increase in neutralizing capacity. The third dose induced SARS-CoV-2
neutralization titers greater than nine times and IgG anti-RBD antibodies greater than three
times the range achieved after the two primary doses. [26]. In contrast, [tzhaki Ben Zadok
et al. found that HT recipients had lower rates of positive S-IgG antibody titers after their
first BNT162b2 (Pfizer-BioNTech) vaccine dose, with only 15% demonstrating the presence
of these antibodies (GMT 90 (IQR of 54-229) AU/mL). The HT recipients had an overall
S-IgG antibody induction rate of 49% in response to either one or two doses of vaccine
(GMT 426 (IQR 106-884) AU/mL) [13].

3.7. Homologous and Heterologous COVID-19 Vaccines

Our literature search resulted in three studies that assessed immunogenicity after
the administration of homologous and heterologous COVID-19 vaccines [41,42,56]. Ana
Luisa Correia et al., in January 2022, argued that the serological response in KT recipients
may be influenced by the type of SARS-CoV-2 vaccine administered. The study included
131 kidney transplant (KT) patients who had received either two doses of an mRNA
vaccine (BNT162b2 from [Pfizer-BioNTech, United States (US)-Germany] or mRNA-1273
from [Moderna, US]) or two doses of replication-deficient adenovirus vector-based vaccines
(ChAdOx1-S from [Oxford, AstraZeneca, United Kingdom] or Ad26.CoV2.S from [Johnson
& Johnson, US]). According to the study results, there were significant differences in the
serological responses between the patients who received mRNA vaccines and those who
received adenovirus vector vaccines, with higher rates of seroconversion observed in the
mRNA vaccine group (67% vs. 33%, respectively; p < 0.001). Additionally, the mRNA
vaccine group had higher levels of anti-spike IgG titers [41].

On the other hand, in December 2021, Cigdem Erol et al. concluded that there were
no significant seropositive differences between transplant recipients who received second
doses of an inactivated whole-virus SARS-CoV-2 vaccine (Sinovac, Beijing, China) versus
those who received the BNT162b2 vaccine (BioNTech/Pfizer) [42].

In KT recipients who failed to develop antibodies against the SARS-CoV-2 spike
protein after receiving two doses of a mRNA vaccine, Roman Reindl-Schwaighofer and
colleagues conducted a RCT in December 2021 to compare the effectiveness of a third
dose of an mRNA vaccine versus a third dose of a vector vaccine. Out of the total study
population of 197 KT recipients, 39% of them developed SARS-CoV-2 antibodies after
receiving the third dose of an mRINA vaccine or the third dose of a vector vaccine. With
anti-body response rates for the mRNA and vector vaccinations, respectively, of 35% and



Vaccines 2023, 11, 1166

10 of 17

42%; the study found no statistically significant difference between the groups. The T cell
responses assessed via IGRA were also weak, with only 17 patients exhibiting positive
responses after receiving a third vaccination with either an mRNA vaccine or a vector
vaccine. In addition, only 22% of the patients who had seroconverted had neutralizing
antibodies [25].

3.8. Factors That Affect the Immune Response to Vaccination

Various risk factors affect the humoral and cellular responses among the SOT pop-
ulation, including the estimated glomerular filtration rate (eGFR), older age, time from
transplantation, and type of immunosuppression regimen. (See Table 1, and Supplementary
File S6).

Table 1. Reported factors that influence the immune response to vaccination.

Parameter Effect Estimate Lower Limit Upper Limit P 2 Model #Studies
Age* —4.364 —5.673 —3.055 <0.001 44% Random 29
Antimetabolites 0.238 0.183 0.309 <0.001 57% Random 36
Antithymocyte globulin 0.847 0.573 1.251 0.404 0%  Fixed 6
BMI * 0.469 —0.898 —0.039 0.032 0%  Fixed 15
Time from transplant * 2.650 1.570 3.731 <0.001 78% Random 27
Calcineurin inhibitors 1.130 0.665 1.922 0.651 79% Random 26
Deceased donor status 1.005 0.651 1.552 0980 54% Random 9
Gender (males) 1.016 0.897 1.151 0.806 0%  Fixed 38
mTOR inhibitors 1.870 1.335 2.619 <0.001 44% Random 25
Rituximab 0.325 0.070 1.511 0152 0%  Fixed 3
Lymphocyte count * 0.288 0.130 0.446 <0.001 0%  Fixed 6

* Effect estimate, reported as the mean difference; all other parameters are reported as odds ratios.

3.8.1. Age

In the studies included in the meta-analysis to measure the factors that may have
affected the seroconversion rates and the development of humoral responses, age appeared
to be a significant factor affecting humoral response, as shown in 29 studies (n = 3572),
where 1501 patients’ results (42%) indicated that a younger age significantly improved
the response to the vaccine (mean difference (MD) = —4.364; 95% CI = —5.67 to —3.06;
p < 0.001). The mean age of the vaccine responders was 4.364 years younger than that of
the non-responders. A lower age was associated with a higher vaccine response. These
results showed moderate heterogeneity (p = 0.006, I = 44%).

3.8.2. Antimetabolites

Among 36 studies, where n = 4971 patients, 1073 patients (21.5%) were responders, and
the pooled mean difference showed that using less antimetabolites significantly improved
the response to a vaccine (OR = 0.238, p < 0.001). Those who showed a response to a vaccine
received 76.6% less antimetabolite than those who did not show a response.

3.8.3. Antithymocyte Globulin

Six studies considered anti-thymocyte globulin exposure in a total of 1214 total patients.
The weighted odds ratio of all six studies was 0.847, showing that anti-thymocyte globulin
exposure had no significant effect on the pooled odds of the vaccine immune response
(pooled p = 0.4).

3.8.4. Body Mass Index (BMI)

The weighted mean difference of all 15 studies that took BMI into consideration
was -0.469, with a pooled standard error of 0.219, and 994 (43.5%) responders out of a
total of 2283 patients had a 0.469 lower-pooled BMI mean difference compared to the non-
responders (pooled p = 0.032). A lower BMI was associated with a higher
vaccine response.
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3.8.5. Time from Transplant

Twenty-seven studies investigated the time from transplant, and the weighted mean
difference was 2.65 years, with a pooled standard error of 0.551. The pooled mean difference
in time from transplant showed that (n = 1410) 42.6% of the 3309 responders had 2.65 more
years from transplant compared to the non-responders (pooled p < 0.001), indicating that a
longer time from transplant is associated with a higher vaccine response.

3.8.6. Calcineurin Inhibitors

The weighted odds ratio of all 26 studies that represented calcineurin inhibitor use
was 1.13. The calcineurin inhibitors used at the time of vaccine administration had no
significant effect on the pooled odds of the vaccine response (pooled p = 0.651).

3.8.7. Deceased Donor Status

Nine studies explored the status of a deceased donor as a risk factor. The weighted
odds ratio was 1.005, showing that there was no significant effect on the pooled odds of the
vaccine response (pooled p = 0.98).

3.8.8. Gender

The weighted odds ratio of all 38 studies (n = 5067 total patients) considering gender
was 1.016. Gender had no significant effect on the pooled odds of the vaccine response
(pooled p = 0.8).

3.8.9. mTOR Inhibitors

Among 25 studies and 3297 total patients, the weighted odds ratio of all studies
investigating mTOR inhibitors was 1.87. mTOR inhibitors increased the pooled odds of
the vaccine response by 87% (pooled p < 0.001), indicating that the increased use of mTOR
inhibitors was associated with a higher vaccine response.

3.8.10. Rituximab Use

The weighted odds ratio of all three studies taking Rituximab exposure into consider-
ation was 0.325. Rituximab exposure had no significant effect on the pooled odds of the
vaccine response (pooled p = 0.152).

3.8.11. Lymphocyte Count

The weighted mean difference of all six k Lymphocyte count studies, with a total of
816 patients, was 0.288, with a pooled standard error of 0.081. The pooled mean difference
in lymphocyte counts showed that the responders had increased lymphocyte counts (by
0.288 units) compared to the non-responders (pooled p < 0.001). A higher lymphocyte
count is associated with a higher vaccine response.

4. Discussion

This systematic review and meta-analysis reported the available data on COVID-19
vaccines in the SOT population (Figures 6 and 7). It highlighted the COVID-19 vaccine’s
decreased immunogenicity after the initial doses of the Pfizer-BioNTech (BNT162b2), Mod-
erna (MRNA-1273), Oxford/ AstraZeneca (ChAdOx1 nCoV-19), and Janssen (Ad26.COV2.S)
vaccines were administered [14,19,21,59,61]. The non-response rates varied widely, and
they were higher for the Janssen (Ad26.COV2.5) COVID-19 vaccine [59]. Otherwise, the
response rates were much higher than those after the first dose of an mRNA vaccine se-
ries [59]. On the other hand, the response rates among SOT recipients slightly increased
after receiving second and third doses of a COVID-19 vaccine [33]. Most of the studies
included in the analysis reported data on humoral responses and neutralization assays,
although some of them suggested that the cellular responses were more effective than the
humoral antibody responses were. Discrepancies between the studies’ results may have
been due to the lack of standardization of the assays for detecting T cell immunity and
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the various performances across the different techniques. Data on immunogenicity after a
fourth dose remain limited. Data regarding a fifth dose showed an additional benefit, lead-
ing to better serological responses. The studies suggested that patients who had detectable
antibodies before receiving fourth and fifth doses of a vaccine showed significantly higher
antibody concentrations compared to those who did not have any response to a vaccine [28].
The immunogenicity data suggested that there were higher response rates for the mRNA
vaccines than there were for the adenovirus vector vaccines [41]. One study concluded
that there were no significant differences between the inactivated whole-virus SARS-CoV-2
vaccine (Sinovac) second dose response rate versus the BNT162b2 BioNTech/Pfizer second
dose response rate in transplant recipients [42].

Pooled proportion of positive antispike Ab after all doses of vaccination

Study name Subgroup within study Statistics for each study Event rate and 95% CI

Event Lower Upper Relative

rate limit limit Total weight
Strauss, 2021 After ALL Doses 0.807 0.739 0.881 130/ 161 B 2 2.05
Kamar, 2021 After ALL Doses 0.683 0.568 0.749 67/101 —i— 2.03
Hall, (A) 2021 After ALL Doses 0.550 0.424 0670 33/80 —i— 1.95
Peled, 2021 After ALL Doses 0.182 0.111 0284 14/77 - 1.88
Hall, 2021 After ALL Doses 0.314 0.238 0.402 38/121 = == 2.05
Herrera, 2021 After ALL Doses 0.844 0.548 0730 67/104 — 2.04
Boyarsky (A), 2021 After ALL Doses 0.543 0.504 0.580 357/658 E 2.18
Werbel, 2021 After ALL Doses 0.487 0.2%9 0642 14/20 1.75
Boyarsky (B), 2021 After ALL Doses 0.588 0.550 0.621 432/737 | | 2.18
Shostak, 2021 After ALL Doses 0.185 0.133 0250 31/188 E = 2.05
Rozen-Zvi , 2021 After ALL Doses 0.282 0.320 0.433 118/3208 E B 2.15
Ben Zadok, 2021 After ALL Doses 0.488 0.332 0644 18/37 1.82
Schmidt, 2021 After ALL Doses 0.316 0.189 0478 12/38 om 1.78
Grupper, 2021 After ALL Doses 0375 0298 0459 51/138 —— 2.08
Rabinowich, 2021 After ALL Doses 0.475 0.388 0584 38/80 2.01
Korth, 2021 After ALL Doses 0217 0093 0428 5/23 — . 1.47
Chavarot, 2021 After ALL Doses 0.038 0.014 0033 4/110 | 1.48
Benotmane, 2021 After ALL Doses 0.478 0.410 0.546 98/205 2.12
Marinaki, 2021 After ALL Doses 0.588 0.419 0739 20/34 — 1.78
Boyarsky, (C), 2021 After ALL Doses 0.174 0.142 0213 76/438 | 3 2.14
Bruminhent 2021 After ALL Doses 0.114 0.044 0288 4/35 B 1.42
Aejo 2021 After ALL Doses 0833 0591 0945 15/18 — . 1.24
Reindl-Schwaighofer 2021  After ALL Doses 0.388 0.320 0456 76/197 R = 2.12
Peled 2021 After ALL Doses 0.687 0.587 0754 64/%8 —— 2.02
Schrezenmeier 2021 After ALL Doses 0280 0199 0580 9/25 — . 1.84
Kamar 2021 After ALL Doses 0.488 0.332 0644 18/37 —— 1.82
Holden 2021 After ALL Doses 0.350 0.254 0480 28/80 B 1.99
Yanis 2021 After ALL Doses 0.216 0.124 0349 11/51 —;— 1.80
Sadioglu 2021 After ALL Doses 0.188  0.119 0285 16/85 B 1.92
Benning 2022 After ALL Doses 0.304 0232 0388 41/135 - 2.08
Ou 2021 After ALL Doses 0.478 0.429 0.527 191/400 E o 2.18
Karaba 2021 After ALL Doses 0.723 0.580 0832 34/47 — 1.82
Kumar 2022 After ALL Doses 0.765 0.630 0.881 39/51 — 1.82
Schramm 2021 After ALL Doses 0.100 0.042 0.219 5/5 i 1.54
Caillard 2022 After ALL Doses 0500 0339 0601 48/92 E 203
Mazzola 2021 After ALL Doses 0.288 0.215 0.388 38/133 - 2.08
Correia 2022 After ALL Doses 0580 0494 0682 78/131 - 2.08
Erol 2021 After ALL Doses 0.729 0.588 0838 35/48 e 1.83
Hamm, 2022 After ALL Doses 0.380 0.2%8 0429 72/200 E = 2.12
Russo, 2021 After ALL Doses 0.524 0.417 06830 43/8 2.01
Debska-Sizien, 2021 After ALL Doses 0.514 0.432 0595 73/142 2.09
Vaiciuniene, 2021 After ALL Doses 0.287 0.217 0.388 39/138 B = 2.08
Chukwu, 2022 After ALL Doses 0.568 0.518 0618 212/373 E 3 2.18
D'Offi, 2021 After ALL Doses 0.770 0.843 0859 47/61 —— 1.87
Narasimhan, 2021 After ALL Doses 0.247 0.161 0358 18/73 —— 1.83
Davidov, 2021 After ALL Doses 0.724 0.613 0812 55/76 —— 1.95
Hod, 2021 After ALL Doses 0.433 0.348 0.523 52/120 . 207
Kantauskaite, 2021 After ALL Doses 0249 0.197 0310 58/225 E B 2.1
Seija, 2022 After ALL Doses 0282 0232 0337 80/284 S 2.13
Timmermann, 2021 After ALL Doses 0.780 0.6%6 0.845 92/118 —- 2.01
Karaba, 2022 After ALL Doses 05830 0687 0981 22/25 S— 1.28
Saharia, 2022 After ALL Doses 0.3%8 0.275 0532 21/5 —— 1.91
0.442 0.391 0.493 3251/7303 <>
0.00 0.50 1.00

Heterogenelty: 7%=0.51; Q=812.5, df=51, P<0.001; P=93.7% mindividual #Average

Figure 6. Pooled proportion of positive anti-spike Ab after administration of all doses. Number
of studies: 52. Number of patients: 7303. Number of responses: 3251. Proportion (95% CI): 0.44
(0.39 to 0.49). The pooled proportion of positive anti-spike Ab after the administration of all doses
of vaccination from the random effects model was 0.44 (95% CI: 0.39 to 0.49; N = 7303). There
was considerable heterogeneity between the studies reporting on seroconversion rates after the
administration of all doses of vaccine (I = 93.7%) [6,10-60].
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Subgroup comparison of seroconversion according to number of vaccine doses

After 3rd Dose
After 4th Dose
Overall

Groupby Event rate and 95% Cl
Subgroup within study
Event Lower Upper
rate limit  limit Total
After 1st Dose 0.119 0.069 0.198 850/ 3735 o
After 2nd Dose 0.301 0.262 0.3421180/ 3433 ®

Overall heterogenelty: '=0.63; Q=937.3, df=61, P<0.001; P=93.5% 0.00 0.50 1.00

0.426 0.337 0.521 350/816
0.480 0.252 0.717 84/172
0.308 0.275 0.3442464 /8156 .

@ Dose effect ® Average

Figure 7. Different doses effect on seroconversion.

The risk factors for low immunogenicity responses often included being of an older
age and on immunosuppressive regimens consisting of MMF, glucocorticoids, calcineurin
inhibitors, and belatacept [52,53]. In contrast, a higher seroconversion rate was linked to a
higher eGFR, a younger age, and a longer period of time since transplantation [43,45,52,53].
In KT recipients, the mycophenolic acid (MPA) dose and hemoglobin level were found
to be independent predictors of the antibody response, according to Tammy Hod et al.
The probabilities of a favorable reaction were reduced by 17% when the MPA dose was
increased by 1 mg/kg (odds ratio = 0.83; 95% CI = 0.75-0.92; p = 0.001). Additionally, it
was discovered that the antibody response was reduced by 63% (p = 0.04) at hemoglobin
levels of <13 g/dL [52]. Marta Kantauskaite et al. determined that KT patients had a
diminished immunological response to the SARS-CoV-2 vaccine which was associated
with the intensity of a recipient’s MMF treatment. Moreover, out of 225 KT recipients,
187 were administered MMF, and among them, 26 (13.9%) developed antibodies. Among
the 26 seropositive KT recipients, 23 had an MMF dose of less than or equal to 1 g per
day [53]. A failure to seroconvert following two-dose vaccination was found to be indepen-
dently associated with patients who were 60 years of age or older (OR = 4.50; p = 0.02) and
the use of anti-metabolites as immunosuppressive drugs (OR = 5.26; p = 0.004), according
to Gianluca Russo et al. However, the seroconversion rate was high (92.9%) in younger
patients who were not taking antimetabolites. [45]. Sebastian Rask Hamm et al. came
to the conclusion that humoral non-response was related to the following factors: age
(relative risk (RR) = 1.23 per 10-year increase, 95% CI = 1.11-1.35 and p = 0.001) within
1 year of transplantation (RR of 1.55, 95% CI 1.30-1.85, p = 0.001), treatment with MMF
(RR =1.54, 95% CI = 1.09-2.18 and p = 0.015), treatment with corticosteroids (RR = 1.45, 95%
CI =1.10-1.90 and p = 0.009), kidney transplantation (RR = 1.70, 95% CI = 1.25-2.30 and
p = 0.001), lung transplantation (RR = 1.63, 95% CI = 1.16-2.29 and p = 0.005), and de novo
non-skin cancer comorbidity (RR = 1.52, 95% CI = 1.26-1.82 and p = 0.001) [43].

This systematic review and meta-analysis has certain limitations. Most of the included
studies were observational studies with limited sample sizes and few available randomized
clinical trials. In addition to the lack of consistency of the assays assessing the cellular
and humoral immunogenicity levels in the included studies, they were performed at
different time points. Moreover, the heterogenicity in populations and the designs of the
studies that were used to evaluate immunogenicity among SOT recipients limited our
ability to perform a meta-analysis with the currently available data. Targeted strategies
are needed to improve the cellular and humoral response rates in this population, such as
additional COVID-19 vaccine doses, heterologous vaccinations, and lowered intensities for
maintenance immunosuppression.
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5. Conclusions

Solid organ transplant recipients are prioritized for immunization against COVID-
19 due to the higher rate of developing COVID-19-related complications. Booster doses
are highly encouraged to reach an adequate response rate among SOT populations. A
variety of risk factors strongly limit the efficacy of the COVID-19 vaccines. To increase
vaccine responses in this population, further approaches are urgently required in addition
to carrying out carefully monitored clinical trials to assess the effect of vaccine boosters and
modulation immunosuppressive regimens.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/vaccines11071166/s1. Supplementary File S1: Research Strategy,
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File: S6: Risk Factors Analysis.
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