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Abstract: Solid organ transplant (SOT) recipients are at greater risk of coronavirus disease 2019
(COVID-19) and have attenuated response to vaccinations. In the present meta-analysis, we aimed to
evaluate the serologic response to the COVID-19 vaccine in SOT recipients. A search of electronic
databases was conducted to identify SOT studies that reported the serologic response to COVID-19
vaccination. We analyzed 44 observational studies including 6158 SOT recipients. Most studies were
on mRNA vaccination (nNRNA-1273 or BNT162b2). After a single and two doses of vaccine, serologic
response rates were 8.6% (95% CI 6.8-11.0) and 34.2% (95% CI 30.1-38.7), respectively. Compared
to controls, response rates were lower after a single and two doses of vaccine (OR 0.0049 [95% CI
0.0021-0.012] and 0.0057 [95% CI 0.0030-0.011], respectively). A third dose improved the rate to
65.6% (95% CI 60.4-70.2), but in a subset of patients who had not achieved a response after two
doses, it remained low at 35.7% (95% CI 21.2-53.3). In summary, only a small proportion of SOT
recipients achieved serologic response to the COVID-19 mRNA vaccine, and that even the third
dose had an insufficient response. Alternative strategies for prophylaxis in SOT patients need to
be developed. Key Contribution: In this meta-analysis that included 6158 solid organ transplant
recipients, the serologic response to the COVID-19 vaccine was extremely low after one (8.6%) and
two doses (34.2%). The third dose of the vaccine improved the rate only to 66%, and in the subset of
patients who had not achieved a response after two doses, it remained low at 36%. The results of our
study suggest that a significant proportion of solid organ transplant recipients are unable to achieve
a sufficient serologic response after completing not only the two series of vaccination but also the
third booster dose. There is an urgent need to develop strategies for prophylaxis including modified
vaccine schedules or the use of monoclonal antibodies in this vulnerable patient population.

Keywords: COVID-19; vaccine; outcomes; meta-analysis; solid organ transplant; immunocompromised;
kidney transplant; heart transplant; lung transplant

1. Introduction

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has led to a global health emergency [1]. It has been reported
that older individuals, patients with pre-existing comorbidities, and those that are immuno-
suppressed are at greater risk of COVID-19 and experiencing severe pneumonia [2—4].
Patients who have undergone organ transplants require lifelong immunosuppressive
therapy. Long-term maintenance immunosuppression including the combinatory use of
calcineurin inhibitors, antimetabolites, glucocorticoids (GCs), monoclonal antibodies, and
inhibitors of T cell activation remains the mainstay in improving graft survival in transplant
recipients [5,6]. In the United States, 39,000 organ transplants were performed in 2020 [7].
Renal transplants were the most commonly performed, followed by liver, heart, and lung
transplantation [7]. Furthermore, more than 100,000 patients are on the national transplant
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waiting lists. Patients with solid organ transplants (SOT) are at risk for various infections
because the immunosuppressive agents dramatically reduce immunity against viruses,
bacteria, and other pathogens [8,9]. During periods of a pandemic, the protection of the
safety or health of SOT patients is an important priority [10].

Salto-Alejandre et al., demonstrated that old age and a shorter interval between trans-
plant and COVID-19 diagnosis showed an association with poor COVID-19 outcomes in
SOT patients with a case fatality rate greater than 20% [4]. These reports suggest that there
is a need for effective prophylaxis in SOT recipients. Due to the lack of efficacious therapies
for COVID-19, vaccinations that could prevent infections are of importance in lowering
the mortality risk [11]. COVID-19 vaccines were developed and a large number of studies
demonstrated that mRNA COVID-19 vaccinations are efficacious and safe [12]. Patients
who were on immunosuppressive drugs were excluded from initial vaccination trials, so
the effectiveness of COVID-19 vaccinations in transplant recipients remains unclear [13].
Guideline recommendations are that transplant recipients should receive COVID-19 vac-
cination unless there is any contraindication. Studies of other infectious conditions have
shown that SOT recipients have diminished humoral response to vaccinations [14]. Bo-
yarsky et al., showed that kidney or liver transplant patients had decreased immunogenicity
to mRNA-1273 and BNT162b2 vaccinations [15]. Most studies assessing the efficacy of
COVID-19 vaccinations in transplant recipients are of limited sample size [16,17].

In order to improve clinical care and protect this vulnerable patient population, it is
important to understand the efficacy of COVID-19 vaccinations in transplant recipients.
We aimed to integrate data from various studies to evaluate the serologic response to
COVID-19 vaccines in SOT patients.

2. Methodology
2.1. Search Strategy of Selecting Studies

We conducted the present meta-analysis according to a protocol that is in accor-
dance with the PRISMA guideline [18]. We have submitted the protocol to the Interna-
tional Prospective Register of Systematic Reviews (PROSPERO) (pending approval) [19].
PubMed /MEDLINE, EMBASE, and medRxiv were electronically searched on 1 August 2021.

Observational studies that reported the serologic response to COVID-19 vaccines in
SOT recipients were included. No restrictions for country, language, age, or type of vaccine
of the study were imposed. Two members (AS and AL) screened each potential study in
an independent manner to assess the eligibility. When any issues or disagreements were
found, they were resolved after discussion. We used the following terms to search for
eligible studies: “SARS-CoV-2”, “COVID-19”, “vaccine”, “transplant”, “transplantation”,
“liver”, “kidney”, “heart”, “lung”, “pancreas”, “multi-organ”, and “immunosuppressed”.
We also searched bibliographies of eligible articles for any potential references. Manuscripts
that were published in non-English language were translated if necessary. We excluded
single case reports and studies that only reported adverse effects of COVID-19 vaccines.
We contacted the corresponding author of studies to obtain missing data when necessary.
Figure 1 shows the search strategy.



Viruses 2022, 14, 1822

30f23

1941 articles identified through
database searching:
PubMed/MEDLINE (833)
EMBASE (780)
medRxiv (328)

1833 articles excluded after initial
review

108 articles assessed for eligibility 64 articles were excluded:

51 articles: no available or usable data
regarding the outcomes of COVID-19
vaccine

10 articles: data not related to
transplant

3 articles: data duplicated with another
study

44 articles were included for
analysis of the rate of serologic
response to COVID-19 vaccines

Figure 1. Flowchart of the assessment of the studies identified in the meta-analysis.

2.2. Extraction of Data and Assessment of Quality

The data of each eligible study were independently extracted in duplicate by the
authors (AS and AL). Extracted data included study characteristics such as name of authors,
publication year, country, administered vaccine, duration, sample size, transplanted organ,
treatment, characteristics of patients, and results of serologic tests. The diseases were
categorized into the following groups according to the transplanted organ: (1) kidney,
(2) heart/lung, and (3) liver. Studies that reported outcomes in various organ transplant
recipients without distinction were classified as (4) mixed.

The risk of bias of the studies was assessed by the Joanna Briggs Institute Critical
Appraisal Checklist [20,21]. The quality of evidence obtained from the present meta-
analysis was rated by the Grades of Recommendation, Assessment, Development and
Evaluation (GRADE) [22].

2.3. Assessment of Outcomes

Serologic response rate to COVID-19 vaccine was the primary outcome of the present
meta-analysis. We separately assessed the rate of response following the first, second,
and third vaccination. The rate of serologic response in transplant recipients compared to
control population was the secondary outcome. The number of patients achieving antibody
levels above the cut-off of the test method used in each study divided by the total number
of patients was defined as the rate of serologic response [23]. A majority of studies used
one of the three commercially available antibody tests (Roche, DiaSorin, and Abbott), so
applying a common cut-off value between studies was not possible; however, they all have
excellent sensitivity (98-100%) [21,24]. When response was tested at different timing, the
time point closest to 4 weeks following the vaccine was chosen [21].

Meta-regression and subgroup analyses based on transplanted organs (kidney, heart/lung,
liver, mixed group), patient’s age, and proportion of patients on immunosuppressive medi-
cations were performed. Immunosuppressive medications such as calcineurin inhibitors,
mycophenolate, antimetabolites, monoclonal antibodies, and inhibitors of T cell activation
were included, but were not assessed separately because a majority of studies did not
report outcomes separately according to treatment.
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2.4. Statistical Analysis

A meta-analysis of the serologic response rate to COVID-19 vaccine was undertaken
by random effects model [21]. Heterogeneity across included studies was analyzed by
I? statistic. Heterogeneity was defined as low, moderate, and high when I? value was
<25%, 25-75%, and >75%, respectively [25]. Heterogeneity was also evaluated by Cochran’s
Q-statistics (p < 0.10) [26]. Publication bias was analyzed with Begg’s and Egger’s tests.
When more than 3 studies were included in the meta-analysis, funnel plots were created to
assess asymmetry [27,28]. Subgroup analyses and random effects meta-regression models
were used to evaluate the contribution of each risk factor to the response to vaccination [21].
When performing multivariate meta-regression, all variables included in the univariate
meta-regression were included as they were all considered clinically important.

Preprint studies were included because they are a substantial part of the available
COVID-19 literature [23]. However, we conducted sensitivity analyses by excluding
preprint studies because they still lack peer-review [29]. One study included exclusively a
non-mRNA vaccine (Ad26.COV2.S), so it was analyzed separately. One study removed
analyses that were undertaken to assess whether the results of the meta-analyses were
biased by a single study [21].

We used Comprehensive Meta-Analysis Software (version 3; Biostat, Englewood, NJ,
USA) for all statistical analyses. We used a two-sided p-value of 0.05 for significance except
for Q-statistics.

2.5. Data Sharing and Access

Data of the present study will be made available when requested from the correspond-
ing author. All coauthors of the present study had access to the data of the study and
approved final version of the manuscript.

3. Results
3.1. Study Characteristics

As shown in Figure 1, 1941 studies were identified through the literature search. We
excluded 1833 studies after screening of title and abstract. We assessed 108 studies for
eligibility and found 44 studies (6158 patients) that met the eligibility criteria. Twenty-
two studies included only patients with kidney transplant, seven included patients with
heart and/or lung transplant, and one included patients with liver transplant (Table 1).
Fourteen studies included patients with various SOTs (mixed group), which included
kidney, heart/lung, liver, and pancreas, but did not report outcomes separately. Twenty-
six and five studies included patients vaccinated with only BNT162b2 and mRNA-1273,
respectively. Eight studies included patients vaccinated with either BNT162b2 or mRNA-
1273. One study only used AD26.COV2.S. One study used ChAdOx1 nCoV-19 as a third
dose in patients who previously received two series of BNT162b2. Another study used
AD26.COV2.S in patients who previously received two series of BNT162b2 or mRNA-1273.
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Table 1. Characteristics and outcomes of the included studies.

Cases, % of Number of Number of Number of
Patient Numbers and Control Numbers and . Sex of Patients Cases, % of Patients on 8 70 . Patients Patients Patients
Author Country Year P - Age of Patients (years) o . Patients on Type of Vaccine . . .
Description Description (% Females) Immunosuppression Steroids Receiving 1 Receiving 2 Receiving 3
Dose Doses Doses
o s High-dose
ATG last 12 months 7.35%, Rituximab steroids last 12
, last 12 months 2.9%, CNIs 90.4%, b
[ORGibrey Israel 2021 136 (Kidney 100%) 25 (HCWs) Gz mueErs 6 (D) 127)), Gz kg, mTORs 7.35%, MMF 76.5% onthRas BNT162b2 (Pfizer-BioNTech) 100% NA 161 NA
(Full paper) Controls mean: 52.7 (SD 11.5) Controls 68% . A Low-dose
Triple maintenance A
immunosuppression 78.8% PLecienc
" o ) 89.0%
436 (Kidney 50.2%, Liver .
N 100% (Tacrolimus 83%, MMF 66%, y .
2 Boyarsky 1 United 17.9%, Heart 15.1%, Lung Lo o N 0/ Qirls o o BNT162b2 (Pfizer-BioNTech) 52%,
(Letter) States 2021 11.2% Pancreas 1.1%, None Median: 55.9 (IQR 41.3-67.4) 61% Azathl_oprmeOQ %, Sirolimus 4%, 54% MRNA-1273 (Moderna) 48% 436 NA NA
; o Everolimus 2%)
Multiorgan 3.2%)
7 (Double lung 14.3%,
3. Wadei United Kidney 28.6%, Heart and . @ 100% (Tacrolimus 85.7%, MMF 100%, @ BNT162b2 (Pfizer-BioNTech) 57.1%,
(Letter) States 20 kidney 14.3%, Kidneyand ~ \O™® Wtere B9 (e ) Wi Belatacept 14.3%) e mMRNA-1273 (Moderna) 42.9% 2 g 1A
pancreas 14.3%)
B ~ . g o 100% (MMF 97.5%, Tacrolimus 55%,
4. Rincon-Arevalo Germany 2021 40 (Kidney 100%) 35 (Mainly HCWs) Cases median: 62.4 (IQR 51.3-69.5), Coses 30%, Cyclosporine 37.5%, Azathioprine 925% BNT162b2 (Pfizer-BioNTech) 100%  NA 75 NA
(Full paper) 7 Controls median: 51.0 (IQR 34.0-80) Controls 42.9% 20 ST o
0.9%, mTOR inhibitors 3.7%)
100% (Induction treatment;
ATG 59.5%, anti-CD25 37.9%, no
induction 2.6%, CNIs;
5. Benotmane 1 . o v o Tacrolimus 55.2%, cyclosporine 34%, o P o
(Letter) France 2021 242 (Kidney 100%) None 57.7 (49.3-67.6) 35.50% 1o CNI 10.8%, Others; 58.9% mRNA-1273 (Moderna) 100% 242 NA NA
MME/MPA 79.3%, Azathioprine
2.9%, mTOR inhibitors 14.5%,
Belatacept 3.8%)
100% (Induction treatment: ATG
60.5%, anti-CD25 35.9%, no induction
3.6%, CNISs; Tacrolimus 56.4%,
6. Benotmane 2 Cyclosporine 35.8%, no CNI7.8%,
y France 2021 205 (Kidney 100%) None 57.7 (49.4-67.5) 36.60% Others; MMF/MPA 78.9%, 59.8% mRNA-1273 (Moderna) 100% NA 205 NA
(Letter) - .
Azathioprine 2.9%, mTOR inhibitors
13.2%, Tacrolimus + MMF/MPA 48%,
Tacrolimus + MMF/MPA + steroids
31.3%, Belatacept 2.5%)
. High dose
. . . o 97.5% (Tacrolimus 81.3%, .
AgR-binovict Israel 2021 80 (Liver 100%) 25 (HCWs) Gz mezmE Gl (BDi26) CeEzadiity, Cyclosporine 12.5%, Everolimus e caflasgi BNT162b2 (Pfizer-BioNTech) 100% NA 105 NA
(Full paper) Controls mean: 52.7 (SD 11.5) Controls 68% o L N o months 20%,
22.5%, Azathioprine 5%, MMF 50%) N o
prednisone 30%
8. Yi United . o 31 (ESRD patients, 4 on o BNT162b2 (Pfizer-BioNTech),
(Letter) States 2021 145 (Kidney 100%) immunosuppression) Na Na 100% NA mRNA-1273 (Moderna) 176 NA NA
9. Peled 3 Cases median: 62.0 (49.0-68.0) Cases 36%, 100% (MPA 53.2%, MMF 22.1%, . S -
(Fulllpapen) Israel 2021 77 (Heart 100%) 136 (Healthy controls) Controls mean: 63 (SD 13) Controls 63% Everolimus 26.0%) 75.3% BNT162b2 (Pfizer-BioNTech) 100% NA 213 NA
10. Sattler . o Cases mean: 57.38 (SD 14.04) Cases 28.21%, o o . R o
(Full paper) Germany 2021 39 (Kidney 100%) 39 (HCWs) Controls mean: 53.03 (SD 17.58) Controls 48.72% 100% 89.7-97.4% BNT162b2 (Pfizer-BioNTech) 100% NA 78 NA
367 (Kidney 73.8%, Liver
15.8%, Thoracic organs 100% (Tacrolimus 78.2%, mRNA vaccine 100%: Of original
11. Marion 9.0%, Pancreas 1.4%) X o Cyclosporine 7.1%, MPA 68.4%, o cohort of 950, 942 received
(Letter) Liance 2 (Includes 5 patients with O™ Cazp e &) (s | e ) Bl mTOR inhibitors 25.6%, Belatacept Gt BNTI62b2 (Pfizer-BioNTech) and 8 0/ & 1A
prior COVID-19 9.3%) received mRNA-1273 (Moderna)
exposure)
. 16 (Kidney 31.3%, Lung . .
12. Miele o T o Cases mean: 57 (SD 15.9) Cases 18.8%, Tacrolimus 93.7%, Everolimus 6.3%, o . . o
(Letter) Ttaly 2021 ;; ; 0;0) Liver 25%, Heart 23 (HCWs) Controls mean: 44 (SD 7.2) Controls 56.5% MME 62.5% 56.3% BNT162b2 (Pfizer-BioNTech) 100% NA 39 NA
13. Havlin Czech N Cases mean: 52.1 (SD 14.3) Cases 39.6%, 100% (Tacrolimus 97.9%, o N o
«© Y Republic 2021 48 (Lung 100%) 10 (Healthy volunteers) Controls median: 39.8 (IQR 33.3-47.8) Controls NA Cyclosporine 2.1%, MMEF 91.7%) 97.9% BNT162b2 (Pfizer-BioNTech) 100% 46 30 NA
14 Rosen-Zvi 100% (MPA 73.4%, Tacrolimus 92.5%,
(Fl‘lll aper) Israel 2021 308 (Kidney 100%) None Mean: 57.51 & 13.84 36% Cyclosporine 7.5%, mTOR inhibitor 8.4% BNT162b2 (Pfizer-BioNTech) 100% NA 308 NA
pap 8.4%, Rituximab 1.9%, ATG 4.5%)
Includes mTOR inhibitors (patients
. P Mean
treated with combination therapy of " -
15. Shostak " . o . o prednisone dose 3 . ”
(Letter) Israel 2021 168 (Lung 100%) None Median: 60.5 (IQR 49.3-67.8) 33% CNI and Everolimus) 17%, includes (5.0 mg, IQR BNT162b2 (Pfizer-BioNTech) 100% 168 168 NA
antimetabolite (patients treated with 5 6_10%)

MMEF/MPA or Azathioprine) 92%
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Table 1. Cont.

Cases, % of Number of Number of Number of
Patient Numbers and Control Numbers and . Sex of Patients Cases, % of Patients on o5 70 . Patients Patients Patients
Author Country Year . - Age of Patients (years) o . Patients on Type of Vaccine - .y -
Description Description (% Females) Immunosuppression Steroids Receiving 1 Receiving 2 Receiving 3
Dose Doses Doses
100% (Tacrolimus 53.3%,
16. Bertrand . o, . o Cyclosporine 17.8%, MMF 82.2%, o R o
(Full paper) France 2021 45 (Kidney 100%) None Mean: 63.5 + 16.3 48.9% Azathioprine 8.9%, Everolimus 6.7%, 46.7% BNT162b2 (Pfizer-BioNTech) 100% 45 45 NA
Belatacept 22.2%)
100% (Tacrolimus 83.8%,
17, Cucchiari 117 (Kidney 93.2%, Cyclosporine 4.3%, MMF 61.5%,
o uee )“‘“ Spain 2021 Kidney and pancreas None Mean: 59.00 + 52.42 32.3% mTOR inhibitors 32.5%, Azathioprine ~ 79.5% mRNA-1273 (Moderna) 100% NA 148 NA
ull paper 6.8%) 3.4%, Belatacept 6.8%, Eculizumab
1.7%)
28 (Kidney 100%) Tacrolimus 75%, Belatacept 21%,
18. Husain United (Includes 3 patients with o " MMF/MPA 61%, Azathioprine 11%, . BNT162b2 (Pfizer-BioNTech) 57%,
(Letter) States 2021 prior COVID-19 None Median: 66 (Range 42-87) 39% Leflunomide 4%, 32% mMRNA-1273 (Moderna) 43% NA 3 NA
exposure) Sirolimus/everolimus 14%
MME 78.3%, Tacrolimus 60.9%,
19. Korth . o Cases mean: 57.7 £ 13.5 Cases 52%, Cyclosporine 17.4%, Sirolimus 21.7%, o - o Ri N
(Communication) Commy 2 B (et ) BECRE) Controls mean: 44.4 + 9.2 Controls 61% Everolimus 4.3%, Belatacept 4.3%, i ENICR (A [l A g R
Azathioprine 4.3%
658 (Kidney 48.9%, Liver
20. Boyarsky 2 United 19.6%, Heart 14.7%, Lung . o 100% (Antimetabolites 71.9%, Other BNT162b2 (Pfizer-BioNTech) 52.0%,
(Letter) States 2021 10.8%, Pancreas 0.8%, None Median: >60 (Range 18—>60) 58.7% 28.1%) NA mMRNA-1273 (Moderna) 46.7% 058 658 NA
Multiorgan 4.0%)
143 (Liver 40.6%, Kidney
41.3%, Heart 18.2%) q
21. Mazzola g N . Cases median: 61.0 (IQR 55.0-67.0) Cases 28.7%, CNIs 82.5%, MMF 72.0%, mTOR - - o Ti N
(Full paper) SIS zez gﬁf}l:gg\igﬁ‘;m willh R Controls median: 55.0 (IQR 38.0-62.0)  Controls 72% inhibitor 18.9%, Tri-therapy 50.4% L2 BTG 2 izes BN G0 L2z &3 R
exposure)
72, Firket - - " T0 (Belgian vaccination Cases mean: 49.7 (3D 13.8) Cases 50%, T00% (CNIs 100%, Antimetabolites " N W
(Letter) Belgium 2021 10 (Kidney 100%) program) Controls mean: 515 (SD 10.5) Controls 30% 100%) 40% BNT162b2 (Pfizer-BioNTech) 100% 20 20 NA
23. Danthu . . . N 100% (CNIs 91.8%, Belatacept 2.7%,
(Communication) France 2021 74 (Kidney 100%) 7 (HCWs) e memB e D Gz e, Everolimus 10.8%, MMF 70.3%, MPA  45.9% BNT162b2 (Pfizer-BioNTech) 100% NA 81 NA
Controls mean: 51.6 + 6.8 Controls 42.9% o P =
9.5%, Azathioprine 2.7%)
y ; - - T00% (Rapamycin 8.3%, Azathioprine
24. Boyarsky 3 United 2021 lZD(Kldney 5?: %, Liver . None (compared to mRNA Median: 56 (IQR 42-60) 58.3% 16.7%, Tacrolimus 83.3%, MMF 66.7%, 58.3% Ad26.COV2.S (Janssen/Johnson & 1 NA NA
(Letter) States 25%, Heart 8%, Lung 8%) cohort data) . o Johnson) 100%
Everolimus 8.3%)
Cases 20.6%,
25. Marinaki 34 (Heart 70.6%, Kidney Cases median: 60 (IQR 49.1-68.4) Controls Age 100% (CNIs 94%, Antimetabolite N - o Ri N
(Letter) Sees 2oz 29.4%) THEERS; Controls: Age and sexmatched HOW  and'sex therapy 44%, mTOR inhibitor 62%) B ENICR (AT 1 A £y R
matched HCW
2. Ch 1 100% (Belatacept 100%, MPA 78.2%,
(Letten avaro France 2021 101 (Kidney 100%) None Cases median: 64 (53-73) 32.7% mTOR inhibitors 11.9%, Tacrolimus 96.0% BNT162b2 (Pfizer-BioNTech) 100% 101 35 NA
ette 7.9%, Azathioprine 2.0%)
A 609 (Kidney 100%, 100% (Belatacept 3.9%, MMF 71.9%, 3 H @
(zg " o8 N ;{“i‘ed 2021 Pancreas 6%, Liver 4%, None Median: 58 (IQR 45-68) 59.2% Tacrolimus 77.2%, Azathioprine 9,7%,  68.5% 51\1;?\]12?227?({;&335101\1)‘1}:};1/51.9 o 52 400 NA
ul papen ates Heart 2%, Lung 1%) Sirolimus 8.4%) m oderna) 2287
101 (Kidney 77.2%, Liver 00 S i RO .
28. Kamar France 2021 11.9%, Lung 7.9%, None Mean: 58 + 2 303% CNIs 79%, Anti-metabolites 66%, 87% BNT162b2 (Pfizer-BioNTech) 100% 101 99 99 (Included
(Correspondence) o mTOR inhibitors 30%, Belatacept 12% in Del Bello)
Pancreas 3.0%)
55% 100% (Tacrolimus 86%, MMF 62%,
29. Hallett United 237 (Heart 57%, Lung Median: 62 (46-69) ° o Sirolimus 14%, Cyclosporine 8%, o BNT162b2 (Pfizer-BioNTech) 53%,
(Full paper) States gzl 43%) Llons (Heart 60 (44-69), Lung 63 (48-70)) (LH“"Sg}//;' Azathioprine8%, Everolimus?7%, b2 mRNA-1273 (Moderna) 47% 23/ 237 WA
ung o7 Belatacept 1%)
30. Stumpf . o J Cases mean: 57.3 £ 13.7 o, 99.7% (CNIs 87.5%, MMF 76.1%, o BNT162b2 (Pfizer-BioNTech) 28%,
(Full paper) Germany 2021 368 (Kidney 100%) 144 (HCWs) Controls mean: 48 + 11.9 34.5% mTOR Inhibitor 16%, Belatacept 4.6%)  “5:4% mRNA-1273 (Moderna) 72% 144 333 NA
31. Zadok . o None Lo o 99.7% (CNIs 81%, MMF 55%%, mTOR N S o
(Short report) Israel 2021 42 (Heart 100%) Median: 61 (IQR 44-69) 17% Inhibitor 57%,) 69% BNT162b2 (Pfizer-BioNTech) 100% 42 NA NA
100% (Tacrolimus/MMF 82%,
32. Schramm 50 (Heart 84%, Lung 14%, R . o N o R o
(Full paper) Germany 2021 Heart/lung 2%) 50 (HCWs) Mean: 55 + 10 36% Cyclosporine/ MMF 10%, NA BNT162b2 (Pfizer-BioNTech) 100%

Tacrolimus/mTOR-Inhibitor 8%)




Viruses 2022, 14, 1822

7 of 23

Table 1. Cont.

o Number of Number of Number of
Patient Numbers and Control Numbers and . Sex of Patients Cases, % of Patients on CasAes, % of . Patients Patients Patients
Author Country Year . - Age of Patients (years) o . Patients on Type of Vaccine - .y -
Description Description (% Females) Immunosuppression Steroids Receiving 1 Receiving 2 Receiving 3
Dose Doses Doses
Initial doses: BNT162b2
(Pfizer-BioNTech) 56.7%,
mRNA-1273 (Moderna) 43.3%
Third dose: BNT162b2
(Pfizer-BioNTech) 16.7%,
- %,
30 (Kidney 73.3%, Heart mRNA-1273 (Moderna) 33.3%,
7% Lune 3.3%, Li Tacroli Cyel 5 MME AD26.COV2.S (Janssen/Johnson &
33. Werbel United 6,7%, Lung 3.3%, Liver acrolimus or Cyclosporine + Johnson) 50%
2021 10%, Pancreas 3.3%, None Median: 57 (IQR 44-62) 56.7% 83.3%, Sirolimus 3.3%, Belatacept 80% L ) . NA 30 30
(Letter) States Kidney and pancreas 3.3% Combinations: Pfizer-BioNTech +
33%) y P e Janssen /Johnson & Johnson 23.3%,
) Pfizer-BioNTech + Moderna 23.3%,
Pfizer-BioNTech + Pfizer-BioNTech
10%, Moderna + Janssen/Johnson &
Johnson 26.7%, Moderna +
Moderna 10%, Moderna +
Pfizer-BioNTech 6.7%
120 (Lung 24.2%, Heart
o Ki o Liv .
s Hal }Z /7 K;‘Zﬂ‘z;ifkldi‘e‘ er i‘;?foﬁi?i‘i’;‘iﬁme 4o Third dose median: 669 (IQR Third dose: 100% (Tacrolimus 77.5%, Third dose
(Correspondence) Canada 2021 o eaas 200 ) Y colid orean transplant 64.0-71.8), 38.3%, Cyclosporine 20.8%, Sirolimus 9.2%, 83.3%, mRNA-1273 (Moderna) 100% NA 120 60
P P “0% ' O P Placebo median: 65.9 (IQR 62.9-70.3) Placebo: 30% MMF 75%, Azathioprine 10%) Placebo 70%
(60 experimental, 60 patients)
placebo)
Transplant recipients:
First two doses: mRNA vaccine
100%,
31 (Kidney 61.3%, Liver L .
. o o None (15 Healthy controls . o, o . 070 Third dose: mRNA vaccine (19,
oty Uiz 2021 et O receiving 2 mRNA vaccine Median: 60 (IQR 49-67) Ol (CIRNENGH, TR 51.6% 61.3%), Ad26.COV2.S NA n 4
(Preprint) States Pancreas 3.2%, Lung d Controls 33.3% Anti-metabolites 64.5%) hnson & John: 5
3.2%) oses) (Janssen/Johnson & Johnson) (12,
38.7%)
Healthy controls: 2 doses of an
mRNA vaccine (15, 100%)
100% (Tacrolimus 82.3%,
36. Peled 2 N o, . o Mycophenolate sodium 54.2%, MMF o R o
(Full paper) Israel 2021 96 (Heart 100%) None Median: 61.0 (IQR 49.8-68.0) 29.2% 24.0%, Cyclosporine 11.5%, 80.2% BNT162b2 (Pfizer-BioNTech) 100% NA 96 96
Everolimus 21.9%)
Tacrolimus +
MMF/MPA +
100% (Tacrolimus + MMF/MPA + steroids (84,
(3{ it B?“"t"“"“e 9 France 2021 159 (Kidney 100%) None Median: 57.6 (IQR 49.6-66.1) 38.4% steroids 52.8%, All other regimens 52.8%) mRNA-1273 (Moderna) 100% NA 159 159
S 47.2%) All other
regimens (75,
47.2%)
136 (Kidney 91.2%,
38. Masset kidney- . o (CNI 84.6%, mTORi 14.7%, 31.6% . . o,
(Letter) France 2021 pancreas/pancreas None Mean: 63.7 (SD 11.7) 36.8% Antimetabolites 74.3%, NA 1.47%) (NA 1.47%) BNT162b2 (Pfizer-BioNTech) 100% NA 456 136
8.8%)
396 (Kidney 69.9%,
Liver 17.4%, Heart 8.33%, o, o 9, q
&k el France 2021 Lung 0.3%, None Mean: 59 (SD 15) 348% o (T, M2, AN o0, BNT162b2 (Pfizer-BioNTech) 100% NA 39 39
(Letter) Pancreas 1.5% 26.8%, Belatacept 8.8%)
Multiple organs 2.5%)
40. Charmetant ] | ) 100% (CNI 92.4"/2, . ] ] .
(Preprint France 2021 66 (Kidney 100%) None Mean: 56.3 (SD 12.3) 56.1% MMEF/MPA 81.8%, 86.4% BNT162b2 (Pfizer-BioNTech) 100% NA 66 66
mTORi 7.6%, Belatacept 1.5%)
41. Chavarot2 . . 100% (Belatacept 100%, E\./L‘l"O.llleS ) .
P France 2021 62 (Kidney 100%) None Median 63.5 years (IQR 51-72) 41.9% 12.9%, MPA 71.0%, Azathioprine 4.8%, 100% BNT162b2 (Pfizer-BioNTech) 100% NA 62 62
(Communication) CNI32%)
2%
First two doses: BNT162b2
42. Westhoff . o . B o 100% (CNI 80%, mTORi 10%, o (Pfizer-BioNTech) 100%
(Letter) Germany 2021 10 (Kidney 100%) None Mean: 59.5 (Range 41-76) 20% Belatacept 10%, MPA 90%) 100% Third dose: mRNA-1273 (Moderna) 10 10 10
100%
43. Massa . o . . o 100% (Antimetabolites 62.3%, CNI N S o
(Preprint) France 2021 61 (Kidney 100%) None Median 58 years (IQR 47.1-66.1) 27.9% 93.4%, mTORi 9.8%, Belatacept 1.6%) 88.5% BNT162b2 (Pfizer-BioNTech) 100% NA 61 61
First two doses: BNT162b2
. o . o, . (Pfizer-BioNTech) 100%
4. Schrezenmeier Germany 2021 25 (Kidney 100%) None Mean: 59.7 (SD 13.8) 44.0% 100% (Tacrolimus 56%, Cyclosporine 96% Third dose: BNT162b2 25 25 25

(Preprint)

32%, MMF 96%, mTORi 16%)

(Pfizer-BioNTech) 56%, AZD1222
(Oxford-AstraZenaca) 44%
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Table 1. Continued.

Auth Used to Check Timineg of Test After One Dose After Two Doses After Three Doses
uthor Antibody Response s Cases Controls , Controls Ab Cases Controls , Controls Ab Controls q Controls Ab
Cases Ab Titers 3 = m o Cases Ab Titers 3 Cases Responders Cases Ab Titers o
Responders Responders Titers p P Titers Responders Titers
o Median: 71.8 Median: 189.0
1. Grupper I 10-20 days after the ~ ~ ~ ~ 51/136 25/25 AU/mL (IQR AU/mL (IQR ~ ~ ~ ~
: PP %G —- . second dose 37.6-111.7 141.10-248
chemiluminescent AU/mL) AU/mL)
assay
EUROIMMUN
2. Boyarsky1 anti-S1 1gG assay or 14-21 days after the first
- poyarsky Roche Elecsys d ays atter the firs 76/436 - NA - - - - - - - - -
anti-RBD pan-Ig 0se
assay
. o , Median 28 days (Range
DR adei At pemilimly, 6-44 days) after the first 0/2 - NA - 1/5 . 14U/mL - B - B :
manufacturer NA dose
IgG median: IgG median:
0.09 (IQR 58.59 (IQR
EUROIMMUN 4/40 (1gG 1/40, 0.07-0.15) 31.90-71.96)
anti-SARS-CoV-2 IgA 4/40, IgA median: IgA median:
4. Rincon-Arevalo gLISA, GenScript 7 + 2 days after the B Neutralizing 35/35 020 (IQR 4110 (IQR ~ R ~ B
urrogate second dose S
. antibodies 0.15-0.40) 27.03-58.37)
SARS-CoV-2 virus . .
neutralization ELISA 0/40) NC median: NC median:
0.07 (IQR 0.08 (IQR
0.05-0.13) 0.06-0.11)
Median: 224
EBecotnanch Sigl‘gia (=Gl 28 days after the first dose  26/242 - AU/mL (IQR B B - B - B : B -
" 76-496 AU/mL)
Median: 803.2
6. Benotmane 2 Abbott ARCHITECT 1 month after the second _ ~ _ 98/205 _ AU/mL (IQR B ~ B ~ B
1gG I Quant test dose - 142.6-4609.6
AU/mL)
DiaSorin LIAISON Cases: Mean 14.8 (+3.2) q
Median: 1:150
7. Rabinowich Isg/g{s-Cov-z SV days after the second g COVID9IG 4o - Mean: 95.41 Mean: 200.5 i i i
a—a ; SOntros: ) titer (Range 1:50 : (£92.4) AU/mL (£65.1) AU/mL
chemiluminescent (£2.9) days after the
to >1:1350)
assay second dose
8. Yi Anti-SARS-CoV-2 At the time of second 9/145 27/31 Median: 1:150 Median: 1:150 - - - - - - - -
TgG and total dose COVID-19 1gG COVID-19 IgG
antibody, titer (Range 1:50 titer (Range 1:50
anti-SARS-CoV-2 to <1:450) to >1:1350)
Nucleocapsid IgG,
and anti-Spike IgG
titer
9. Peled1 An "in-house" ELISA Transplant: 21 + 10 days = = = = 14/77 134/136 NA NA = = = =

that detects IgG
antibodies against
SARS-CoV-2 RBD.

A SARS-CoV-2
pseudo-virus
(psSARS-2)
neutralization assay
was performed to
detect SARS-CoV-2
neutralizing
antibodies using a
propagation-
competent
VSV-spike

after the second dose
Control: 13.3 + 1.4 days
after the second dose
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Table 1. Cont.

Auth Used to Check Timineg of Test After One Dose After Two Doses After Three Doses
uthor Antibody Response s Cases Controls , Controls Ab Cases Controls , Controls Ab Controls q Controls Ab
Cases Ab Titers 3 = m o Cases Ab Titers 3 Cases Responders Cases Ab Titers o
Responders Responders Titers p P Titers Responders Titers
10. Sattler Euroimmun 8 + 1 days after the - - - - 4/39 (1gG 1/39, 39/39 NA NA - - - -
ELISA-based analysis second dose IgA 4/39,
of SARS-CoV2 spike Neutralizing
51 domain-specific antibodies
IgG and IgA 0/39)
11. Marion Beijing Wantai 28 days after the first or 23/367 = NA = 124/367 = NA = = = = =
Biological Pharmacy second dose
Enterprise
SARS-CoV-2 total
antibodies ELISA or
another validated
anti-SARS-CoV-2
spike protein assay
12. Miele DiaSorin LIAISON Cases: Median 20 days - - - - 6/16 23/23 Median: 3.8 Median: 212 - - - -
SARS-CoV-2 (Range 15-76) after the AU/mL AU/mL
51/52-1gG second dose, Mean: 87.32 Mean: 233
chemiluminescent Controls: Median 15 days AU/mL AU/mL
assay (Range 15-20) after the
second dose
13. Havlin Euroimmun Cases: At baseline, before 0/46 - NA - 7 days after 10/10 NA NA - - - =
anti-SARS-CoV-2 the second dose, 7 days second
Spike S1 IgG ELISA, after the second dose, 46 vaccination:
confirmed weeks after the second 0/30
independently by dose, (4-6 weeks after
TestLine Controls: 31 days (IQR second
Microblot-Array 19-41 days) after the vaccination:
COVID-19 IgG and second dose 0/21)
DiaSorin Liaison
SARS-CoV-2 Trimeric
S1gG
14. Rosen-Zvi Abbott SARS-CoV-2 Median 28 days (IQR - - - - 112/308 - Median: 15.5 - - - - -
IgG I Quant assay 22-34 days) after the AU/mL (IQR
second dose 3.5-163.6
AU/mL)
15. Shostak Abbott SARS-CoV-2 Median 16 days (IQR 6/168 - Geometric - 31/168 - Geometric - - - - =
IgG I Quant assay 15-18) after the second mean S-1gG mean S-1gG
dose titer: 3.12 (SD titer: 9.29 (SD
4.05) 9.22)
16. Bertrand Abbott ARCHITECT Three weeks after the first 1/45 - 311 AU/mL - 8/45 - Responder - - - - -
IgG I Quant test dose and one month after median: 671
the second dose AU/mL (IQR
172-1523
AU/mL)
17. Cucchiari A serological assay 2 weeks after the second - - - = 35/117 = NA - - - - -
based on the dose (IgG/IgM
Luminex technique 5/117,
measuring antibodies 1gG 27/117,
against the IgM 3/117)
Receptor-Binding
Domain (RBD) of the
spike glycoprotein of
SARS-CoV-2
18. Husain DiaSorin LIAISON Median 29 days (Range - - - - 7/28 - NA - - - - -
anti-S IgG 12-59) after the second

immunoassay or
Roche Diagnostics
Elecsys anti-S IgG
immunoassay

dose
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Table 1. Cont.

Auth Used to Check Timineg of Test After One Dose After Two Doses After Three Doses
uthor Antibody Response s Cases Controls , Controls Ab Cases Controls , Controls Ab Controls q Controls Ab
Cases Ab Titers 3 = m o Cases Ab Titers 3 Cases Responders Cases Ab Titers o
Responders Responders Titers p P Titers Responders Titers
19. Korth DiaSorin Cases: Mean 15.8 + 3.0 - - - - 5/23 23/23 Mean: 50.9 + Mean: 727.7 4+ - - - -
LIAISON®SARS- days after the second dose 138.7 AU/mL 151.3 AU/mL
CoV-2 TrimericS IgG Controls: Mean 13.7 + 1.8
assay days after the second dose
20. Boyarsky 2 EUROIMMUN Median 21 days (IQR 98/658 - NA - 357/658 - Roche median: - - - - -
anti-S1 IgG assay 18-25) after the first dose, 214 U/mL (IQR
28.6%, Roche Elecsys Median 29 days (IQR <0.4-245.8),
anti-RBD pan-Ig 28-31) after the second EUROIMMUN
assay 71.4% dose median: 1.23
AU (IQR
0.13-6.38)
21. Mazzola Abbott Diagnostics 28 days after the first and 9/125 = Responder = 38/133 25/25 Responder NA E = E =
Alinity T second dose median: 153 median: 759
chemiluminescent AU/mL (IQR AU/mL (IQR
microparticle 129-860 257-3269
immunoassays AU/mL) AU/mL)
22. Firket DiaSorin LIAI- At time of second dose, 0/10 9/10 Median: 0 Median: 35.5 15 days after 15 days after 15 days after 15 days after - - - -
SON®chemiluminescence ~15 days after the second AU/mL (Range AU/mL (Range second dose second dose: second dose second dose
immunoassay dose, ~50 days after the 0-0 AU/mL) 0-118 AU/mL) 1/10 10/10 median: 0 median: 263
second dose for (50 days after AU/mL (0-60 AU/mL (Range
transplant patients second dose AU/mL) 153-2090
3/10) 50 days after AU/mL)
second dose
median: 0
AU/mL (046
AU/mL)
23. Danthu DiaSorin LTAISON 14, 28, 36, and 58 days = = = = 3/74 7/7 NA (low Day 14: 59 = = = =
SARS-CoV-2 after the first dose number of AU/mL (IQR
TrimericS IgG responders) 26.5-216.5
AU/mL)
Day 36: 1082
AU/mL (IQR
735.0-1662
AU/mL)
Day 58: 925
AU/mL (IQR
637-3624.5
AU/mL)
24. Boyarsky 3 Roche Elecsys Median 33 days (IQR 2/12 - Median: 2.39 - - - - - - - - -
anti-SARS-CoV-2 S 31-44 days) after the first U/mL (Range
enzyme dose 1.33-3.45
immunoassay U/mL)
25. Marinaki Abbott SARS-CoV-2 Median 10 days (IQR 9-10 - - - = 20/34 116/116 Median: 1370 Median: 11,710 - - - -
IgG I Quant anti- days) after thesecond AU/mL AU/mL
SARS-CoV-2-RBD dose Geometric Geometric
1gG assay mean: 948 mean: 11,300
AU/mL AU/ML
26. Chavarot Abbott SARS-CoV-2 28 and 60 days after first 2/101 - NA - 2/35 - NA - - - - -
1gG I Quant dose

antibody test or
Beijing Wantai
Biological Pharmacy
Enterprise
SARS-CoV-2 total
antibodies ELISA
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Table 1. Cont.

Auth Used to Check Timineg of Test After One Dose After Two Doses After Three Doses
uthor Antibody Response s Cases Controls , Controls Ab Cases Controls , Controls Ab Controls q Controls Ab
Cases Ab Titers 3 = m o Cases Ab Titers 3 Cases Responders Cases Ab Titers o
Responders Responders Titers p P Titers Responders Titers
27. Ou EUROIMMUN After 1 dose: 77/592 = EUROIMMUN = 191/400 = Non-belatacept: - - - - -
anti-S1 IgG assay or Non-belatacept: Median (Belatacept median IgG (Belatacept EUROIMMUN
Roche Elecsys 21 days (IQR 19-26) 0/24, Non- titer: 2.33 AU 1/19, median IgG
anti-RBD pan-Ig Belatacept: Median 22 belatacept (IQR 1.68 - 4.77) Non-belatacept titer: 6.23 AU
assay days (IQR 19 -26) 77/568) Roche median 190/381) (IQR 3.12-8.74
IgG titer: 4.24 AU)
After 2 doses: U/mL (IQR 1.81 Roche median
Non-belatacept: Median -15.05) IgG titer: 78.10
29 days (IQR 28-32) U/mL (IQR 7.42
Belatacept: Median 29 —250 U/mL)
days (IQR 28-31) Belataceot:
48.07 U/mL
28. Kamar Beijing Wantai 4 weeks after the third 4/101 - NA - 40/99 - NA - 67/99 (Included in Del
Biological Pharmacy dose Bello)
Enterprise
SARS-CoV-2 total
antibodies ELISA
29. Hallett Roche Elecsys for Median of 21 days (IQR 28/237 - - - 120/237 - Anti-spike RBD - - - - -
antibodies against the 19-26 days) after the first (Heart (Heart 83/134, assay: 250
receptor-binding dose, median of 29 days 19/134, Lung 37/103) U/mL (IQR,
domain (RBD) or (IQR 28-32 days) after the Lung 9/103) 174-250 U/mL)
EUROIMMUN for second dose for first dose
antibodies to the S1 responders, 23.8
domain U/mL (IQR,
3.9-2442
U/mL) for
second dose
responders, and
0U/mL (IQR,
0-0 U/mL) for
non-responders
30. Stumpf SARS-CoV-2 specific 3—4 weeks after the first 11/144 53/55 NA NA 140/333 132/134 NA NA - - - -
1gG- or IgA-antibody dose, 4-5 weeks after the
reactions second dose
(Euroimmun) against
the Spike protein
subunit S1
31. Zadok Anti-spike IgG 21-26 days and 35-40 6/39 = NA = 18/37 = NA = E = E =
(S-IgG) antibodies days after the first dose
32. Schramm SARS-CoV-2 IgG II 21 days after the first and 2/50 49/50 NA Median 82 5/50 50/50 NA median 1417 - - - -
Quant assay (Abbott) the second dose (41;149) (732; 2589)
which was used for BAU/ml BAU/ml
the quantitative
measurement of IgG
antibodies against the
spike
receptor-binding
domain (RBD)
33. Werbel EUROIMMUN Median 9 days (IQR 2-33) E = = = 6/30 = EUROIMMUN = 14/30 (BNT162b2 2/5, © EUROIMMUN =
anti-S1 IgG assay or before the third dose, median 0.15 AU, mRNA-12737/10, median 0.37 AU,
Roche Elecsys Median 14 days (IQR Roche median Ad26.COV2.S:5/15) Roche median
anti-RBD pan-Ig 14-17 days) after the third 04 U/mL NA

assay

dose
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Auth Used to Check Timineg of Test After One Dose After Two Doses After Three Doses
uthor Antibody Response s Cases Controls , Controls Ab Cases Controls , Controls Ab Controls q Controls Ab
Cases Ab Titers 5 .y A o p Cases Ab Titers 5 Cases Responders Cases Ab Titers 5
Responders Responders Titers p P Titers Responders Titers

34. Hall Roche Elecsys 1 month after third - - - - 12/120 - Third dose: - Third dose: 33/60 - Third dose: -
anti-SARS-CoV-2 S vaccination (Third dose: Median 0.37 (Placebo third dose: Mean: 3145
enzyme 7/60 U/mL (IQR 0.2 10/57) U/mL (SD
immunoassay Placebo third —27.64) 7517), Median:

dose: 5/60) Placebo: 313.8 U/ML

Median 0.44 (IQR 0.2~

U/mL (IQR 0.2 2191)Placebo:

-18.19) Mean: 86 U/mL
(SD 231),
Median: 1.19
U/mL (IQR
0.2-63.4)

35. Karaba Meso Scale 14 days after third - - - = 12/31 15/15 NA NA 24/31 (Anti-RBD IgG: = NA -
Diagnostics (MSD) vaccination (Anti-RBD IgG: 24/31,

V-PLEX COVID-19 12/31, Anti-S1gG: 22/31
155 Respiratory Panel Anti-S IgG: (mRNA: 16/19

3 multiplex 8/31, Anti-N Ad26.COV2S: 6/12))
chemiluminescent kit IgG: 0/31)

36. Peled 2 An "in-house” Mean 17.5 days (SD 3.9) - - - - 26/96 (May - IgG GMT: 0.49 - 64/96 - IgG GMT: 1.58 -
enzyme-linked after third vaccination overlap with (95% CI (95% CI1.24-
immunosorbent previous Peled 1 0.39-0.62) 2.00)Neutralizing
assay that detects IgG study) Neutralizing antibody GMT:
antibodies against antibody GMT: 27.25 (95% CI,
SARS-CoV-2 RBD. 3.05 (95% CI, 15.70-47.30)

2.05-4.55)
A SARS-CoV-2
pseudo-virus
(psSARS-2)
neutralization assay
was performed to
detect SARS-CoV-2
neutralizing
antibodies using a
propagation-
competent
VSV-spike

37. Benotmane Abbott ARCHITECT Median 28 days (IQR - - - - 0/159 (95 pts - <50 AU/mL - 78/159 - Responder -

IgG II Quant test 27-33) after third had no antibody median: 586

vaccination response, 64 pts AU/mL (IQR

had an antibody 197.2-
response below 1920.1)Non-
the responder
seropositivity median: <50
threshold of 50 AU/mL
AU/mL)

38. Masset Abbott Architect Median 30 days (IQR - - - - 227/456 - NA - 94/136 - NA -
chemiluminescent 28-32) (Assessed after
microparticle second and
immunoassay, third dose:

Siemens Atellica 34/85)
chemiluminescence
immunoassay, Roche
Elecsys electrochemi-
luminescence
immunoassay
39. Del Bello Beijing Wantai 4 weeks after third = = = = 164/3% = NA = 269/396 = NA =

enzyme-linked
immunosorbent assay
(228, 57.6%) or other
anti-SARS-CoV-2
spike assay (168,
42.4%)

vaccination
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Auth Used to Check Timineg of Test After One Dose After Two Doses After Three Doses
uthor Antibody Response s Cases Controls , Controls Ab Cases Controls , Controls Ab Controls q Controls Ab
Cases Ab Titers 3 = m o Cases Ab Titers 3 Cases Responders Cases Ab Titers o
Responders Responders Titers p P Titers Responders Titers

40. Charmetant Snibe Diagnostic 14 days after third - - - - 27/93 - <142 BAU/mL - 28/66 (All 66 had no - NA -
Maglumi vaccination response after two doses)
SARS-CoV-2 S-RBD
IgG teston a
Maglumi 2000
analyser

41. Chavarot 2 Abbott SARS-CoV-2 Median 28 (IQR 28-33) = = = = 0/62 = <50 AU/mL = 4/62 = Median 209 =
1gG II Quant days after third AU/mL (IQR
antibody test vaccination 20-409 AU/ml)

42. Westhoff Roche Elecsys 14 days after third 0/10 - <0.8U/mL - 0/10 - <0.8U/mL - 6/10 - Responder -
anti-SARS-CoV-2 S vaccination median 542
enzyme U/mL (IQR
immunoassay 478-923)

43. Massa Abbott ELISA on the 28 days after third - - - = 27/61 = GMT IgG: 528.3 - 38/61 = GMT IgG: 2395 -
Abbott Architect vaccination AU/mL (95% AU/mL (95%
11000 analyser CI 300.0-930.1) CI1214-4724)

44. Schrezenmeier Euroimmun 7 + 2 days after the 0/25 - NA - 0/25 - NA - 9/25 (BNT162b2: 3/14, - NA -

ELISA-based analysis
of SARS-CoV2 spike
S1 domain-specific
IgG and IgA

second and third
vaccination, and 19-27
days after each
vaccination

AZD1222: 6/11)

HCW, health care worker; ATG,

ESRD, end stage renal disease; AU, arbitrary units; GMT, geometric mean titer; ELISA, enzyme-linked immunoassay; IQR, interquartile range; NA, not available.

anti-thymocyte globulin; MME, mycophenolate mofetil; MPA, mycophenolic acid; mTOR, mechanistic target of rapamycin; CNI, calcineurin inhibitor;
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Twenty-one and thirty-five studies were eligible for evaluation of serologic response
after one and two doses, respectively. Four and fifteen studies compared serologic re-
sponse after one or two doses of COVID-19 vaccination to controls with no history of
transplant. Twelve studies reported outcomes in patients who received a third vaccine
dose [16,17,30-37]. Most studies measured outcomes 3-5 weeks following the vaccine
(Table 1). The summary of characteristics of the studies that were included in the meta-
analysis is shown in Table 1. We evaluated the risk of bias in the studies with the Joanna
Briggs Institute Critical Appraisal Checklist (Supplementary Table S1). Most of the studies
were of medium-high quality.

3.2. Serologic Response following a Single Dose of COVID-19 Vaccination

There were 21 studies that evaluated the serologic response following the first vacci-
nation in transplant recipients (20 mRNA vaccine and one AD26.COV2.S vaccine). The
serologic response following a single dose of mRNA vaccine was extremely low at 8.6%
(95% confidence interval [CI] 6.8-11.0) (Figure 2A). Subgroup analysis demonstrated that
the rates were 7.0% (95% CI 3.3-14.0), 6.6% (95% CI 4.3-9.9), and 10.7% (95% CI17.8-14.7)
in heart or lung transplant recipients, kidney transplant recipients, and mixed transplant
recipients, respectively. The one study that reported a serologic response following a single
dose of AD26.COV2.S vaccination showed a rate of 16.7% (Supplementary Figure S1A).

Heterogeneity was present (I> = 74.2%) in the meta-analysis of mRNA vaccines pos-
sibly due to the differences in sample size and reported rates of the studies. Multivariate
meta-regression showed that the proportion of patients on GCs (regression coefficient
—0.029, 95% CI —0.052-0.0061, p = 0.013) was a source of heterogeneity. Studies that used
both types of mRNA vaccines showed a greater response rate compared to studies that only
included BNT162b2 vaccine (coefficient 1.08, 95% CI 0.20-1.96), p = 0.016) (Supplementary
Table S2).

Visual evaluation of the funnel plot of the mRNA vaccine studies showed no asymme-
try; however, we found publication bias with Egger’s test (p < 0.001), but not with Begg’s
test (p = 0.36) (Supplementary Figure S2A).

We performed sensitivity analyses to evaluate whether any single study influenced
the outcomes (Supplementary Figure S2B). The results were unchanged when each study
was removed one at a time from the meta-analyses. Specifically, the removal of the one
preprint study showed similar results [37]. Subgroup analysis stratifying based on the type
of the vaccination demonstrated that the serologic response rates were 5.4%, 11.8%, and
10.7% in studies that used BNT162b2, mRNA-1273, or both types of vaccines, respectively
(Supplementary Figure S2C).
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A. Serologic response after one dose of vaccine: mRNA vaccines

Subgroup Study Event Lower Upper Event rate and 95% CI Relative
rate limit limit Total weight
Heart/Lung Havlin 0.011 0.001 0.149 0/4s — 6.24
Shostak 0.036 0.016 0.077 6/168 = 2422
Hallett 0.118 0.083 0.166 28/ 237 = 3051
Zadok 0.154 0.071 0.303 6/39 — 2334
Schramm 0.040 0.010 0.146 2/50 ~ 15.70
Subtotal 0.070 0.033 0.140 42 /540 -
Kidney Benotmane 1 0.107 0.074 0.153 26/ 242 - 33.16
Yi 0.062 0.033 0.115 9/145 s 2237
Bertrand 0.022 0.003 0.142 1/45 - 456
Firket 0.045 0.003 0.448 0/10 235
Chavarot 1 0.020 0.005 0.076 2/101 I~ 831
Stumpf 0.076 0.043 0.133 11/144 e 2443
Westhoff 0.045 0.003 0.448 0/10 235
Schrezenmeier 0.019 0.001 0.244 0/2s5 — 241
Subtotal 0.066 0.043 0.099 49/722 -
Mix Boyarsky 1 0.174 0.142 0.213 76/ 436 - 20.17
Wadei 0.167 0.010 0.806 0/2 131
Marion 0.063 0.042 0.083 23 /367 - 17.03
Boyarsky 2 0.143 0.124 0.178 98/ 658 - 20.67
Mazzola 0.072 0.038 0.133 9/125 - 12.39
Ou 0.130 0.105 0.160 77/ 592 - 20.30
Kamar 0.040 0.015 0.101 4/101 = 8.14
Subtotal 0.107 0.078 0.147 287 [ 2281 -
Overall 0.086 0.068 0.110 378 /3543 -
0.00 0.50 1.00

Heart/Lung: Heterogeneity: I° = 70.34%, Q = 13.49, P = 0.0091
Kidney: Heterogeneity: ¥ = 33.13%, Q=1047,P=0.16
Mixed: Heterogeneity: ¥ = 81.98%, Q = 33.30, P <0.001
Overall: Heterogeneity: = 74.17%, Q = 73.55, P <0.001

B. Serologic response after two doses of vaccine: mRNA vaccines

Subgroup Study Event Lower Upper Event rate and 95% CI Relative
rate limit limit Total weight

Heart/Lung Peled 1 0.182 0.111 0.284 14/77 - 18.74
Havlin 0.016 0.001 0.211 0/30 — 6.56
Shostak 0.185 0.133 0.250 31/168 ™ 19.63
Hallett 0.506 0.443 0.570 120 /237 T 20.09
Zadok 0.486 0332 0.644 18/37 -1 18.37
Schramm 0.100 0.042 0.219 5/50 -~ 16.60
Subtotal 0.229 0.111 0.415 188 / 599 _—

Kidney Grupper 0.375 0.298 0.459 51/136 - 829
Rincon-Arevalo 0.100 0.038 0.238 4/40 o= 443
Benotmane 2 0478 0.410 0.546 98/ 205 - 8.65
Sattler 0.103 0.039 0.243 4/38 R 442
Rosen-Zvi 0.364 0312 0.419 112 /308 e 883
Bertrand 0.178 0.091 0317 8/4s - 581
Cucchiari 0.299 0.223 0.388 35/117 - 8.02
Husain 0.250 0.124 0433 7/28 - 530
Korth 0.217 0.093 0.428 5/23 o = 462
Firket 0.100 0.014 0.467 1/10 — 172
Danthu 0.041 0.013 0.118 3/74 — 391
Chavarot 1 0.057 0.014 0.202 2/35 — 3.00
Stumpf 0.420 0.369 0474 140 /333 = 8.89
Masset 0498 0.452 0544 227 / 456 T 9.01
Charmetant 0.290 0.207 0.3%0 27/93 - 7.72
Massa 0.443 0324 0.568 27/61 —= 7.37
Subtotal 0.283 0.226 0.348 751/ 2003 -

Liver Rabinowich 0475 0.368 0.584 38/80 - 100.00
Subtotal 0.475 0.368 0.584 38/80 S—

Mix Wadei 0.200 0.027 0.691 1/5 — 182
Marion 0338 0.291 0.388 124 /367 - 10.90
Miele 0.375 0.179 0.623 6/16 I 538
Boyarsky 2 0.543 0.504 0.580 357 /658 = 1117
Mazzola 0.286 0.215 0.368 38/133 - 991
Marinaki 0.588 0.419 0.739 20/34 T 7.56
Ou 0478 0.429 0.527 191/ 400 T 10.99
Kamar 0.404 0312 0.503 40/99 1 9.73
Werbel 0.200 0.093 0.379 6/30 I 6.08
Hall 0.100 0.058 0.168 12 /120 - 8.23
Karaba 0.387 0.235 0.565 12/31 B 7.27
Del Bello 0414 0.367 0.463 164 /396 - 10.97
Subtotal 0.365 0.294 0.442 971/ 2289 ——

Overall 0.342 0.301 0.387 1948 / 4971 -

0.00 0.50 1.00

Heart/Lung: Heterogeneity: I = 93.12%, Q = 72.68, P <0.001
Kidney: Heterogeneity: /¥ = 86.09%, Q = 107.80, P <0.001
Liver: Heterogeneity: °= 0%, Q=0, P = 1.00

Mixed: Heterogeneity: /= 90.11%, Q = 111.26, P <0.001
Overall: Heterogeneity: F = 88.88%, Q = 305.80, P <0.001

Figure 2. (A) Meta-analysis of serological response after one dose of vaccine: mRNA vaccines.
(B) Meta-analysis of serological response after two doses of vaccine: mRNA vaccines.
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3.3. Serologic Response following Two Doses of COVID-19 Vaccination

Thirty-five studies were available for the assessment of the serologic response fol-
lowing two doses of mRNA vaccination. There were no studies that used non-mRNA
vaccines. The pooled serologic response rate was 34.2% (95% CI 30.1-38.7) (Figure 2B).
Subgroup analysis demonstrated that the rates were 22.9% (95% CI 11.1-45.9), 28.3% (95%
CI 22.6-34.8), and 35.5% (95% CI 29.4-44.2) in heart/lung transplant recipients, kidney
transplant recipients, and mixed transplant group, respectively. The one liver transplant
study reported a rate of 47.5%.

Heterogeneity was present (I> = 88.9%) which was possibly due to the differences
in the sample size and the response rates of the included studies. Multivariate meta-
regression demonstrated that older age (regression coefficient —0.10, 95% CI —0.19-0.020),
p = 0.016) and GC use (regression coefficient —0.014, 95% CI —0.025-0.0024), p = 0.017)
were significant sources of heterogeneity. (Supplementary Table S3).

Visual evaluation of the funnel plot showed no asymmetry; however, we found
publication bias with Egger’s and Begg’s tests (p < 0.001 and p = 0.0038, respectively)
(Supplementary Figure S3A).

We performed sensitivity analyses to evaluate whether any single study influenced
the outcomes (Supplementary Figure S3B). The results were unchanged when each study
was removed one at a time from the meta-analyses. Removal of the three preprint studies
showed similar results (Supplementary Figure S3C). Subgroup analysis stratifying based
on the type of vaccine showed that the rates were 28.9%, 26.6%, and 40.6% in studies
that used BNT162b2, mRNA-1273, or both types of vaccines, respectively (Supplementary
Figure S3D).

A few studies that reported antibody titers or concentrations showed greater than
ten-fold lower values in transplant recipients (Table 1).

3.4. Serologic Response following a Single Dose of COVID-19 Vaccination Compared to Controls

There were four studies that included control patients after one dose of the vaccine.
Meta-analysis demonstrated that transplant recipients were less likely to achieve a serologic
response compared to controls (6.3% 94.5%; odds ratio [OR] 0.0049, 95% C1 0.0021-0.012,
p <0.001) (Figure 3A). Subgroup analysis demonstrated that both heart and/or lung and
kidney transplant recipients achieved statistically significantly lower rates of response
compared to control patients (4.0% vs. 98.0%; OR 0.0009, 95% CI 0.0001-0.0097, p < 0.001
and 6.7% vs. 92.8%; OR 0.0049, 95% CI 0.0021-0.012, p < 0.001, respectively).

Heterogeneity was absent (I = 16.0%). Visual evaluation of the funnel plot showed
no asymmetry, and no publication bias was found (Begg’s p = 0.73, Egger’s p = 0.51)
(Supplementary Figure S4A).
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A. Serologic response compared to controls after one dose of vaccine

Subgroup Study Statistics for each study 0Odds ratio and 95% CI
Odds Lower Upper Relative
ratio limit limit Transplant Control weight
Heart/Lung Schramm 0.0008 0.0001 0.0057 2/50 49/50 = 100.00
Subtotal 0.0009 0.0001 0.0097 2/50 49/5s0 ~
Kidney Yi 0.0058 0.0028 0.0342 9/145 27/31 s 55.61
Firket 0.0075 0.0003 0.2077 0/10 9/10 7.86
Stumpf 0.0031 0.0007 0.0146 11/144 53/55 - 36.53
Subtotal 0.0063 0.0025 0.0160 20/299 89/96 ~
Overall 0.0043 0.0021 0.0117 22 /349 138/ 146 I~
0.01 0.1 1 10 100
. Transplant Control
Heart/Lung: P <0.001, Heterogeneity: F=0%,Q=0, P=1.00
Kidney: P <0.001, Heterogeneity: ¥ =0%, Q=1.29, P=0.52
Overall: P <0.001, Heterogeneity: P = 15.96%, Q =3.57, P= 031
B. Serologic response compared to controls after two doses of vaccine
Subgroup Study Statistics for each study 0Odds ratio and 95% CI
Odds Lower Upper Relative
ratio limit limit  Transplant Control weight
Heart/Lung Peled 1 0.0033 0.0007 0.0150 14/77 134 /136 " 70.84
Havlin 0.0008 0.0000 0.0419 0/30 10/10 I~ 10.21
Schramm 0.0012 0.0001 0.0222 5/50 50/50 o 18.95
Subtotal 0.0024 0.0007 0.0084 19/157 194/19 ™
Kidney Grupper 0.0118 0.0007 0.1982 51/136 25/25 10.77
Rincon-Arevalo 0.0017 0.0001 0.0334 4/40 35/35 I~ 9.79
Sattler 0.0016 0.0001 0.030% 4/39 39/39 o 9.80
Korth 0.0063 0.0003 0.1215 5/23 23/23 9.79
Firket 0.0075 0.0003 0.2077 1/10 10/10 7.78
Danthu 0.0033 0.0002 0.0694 3/74 7/7 9.17
Stumpf 0.0110 0.0027 0.0452 140/333 132/134 o 42.90
Subtotal 0.0063 0.0025 0.0159 208/655 271/273 ~
Liver Rabinowich 0.0178 0.0010 0.3018 38/80 25/25 100.00
Subtotal 0.0178 0.0010 0.3018 38 /80 25/ 25
Mix Miele 0.0132 0.0007 0.2560 6/16 23/23 23.67
Mazzola 0.0079 0.0005 0.1331 38/133 25/25 26.13
Marinaki 0.0061 0.0003 0.1057 20/34 116 /116 25.51
Karaba 0.0207 0.0011 03774 12/31 15/15 24.70
Subtotal 0.0106 0.0025 0.0448 76/214 179/179 [e—
Overall 0.0057 0.0030 0.0109 341/1106 669/673 -
0.01 0.1 1 10 100
Heart/Lung: P <0.001, Heterogeneity: ¥ =0%,Q=0.70,P=0.71 Transplant Control

Kidney: P <0.001, Heterogeneity: /°= 0%, Q=2.53,P = 0.87
Liver: P = 0.0053, Heterogeneity: ¥=0%,Q=0,P=1.00
Mix: P <0.001, Heterogeneity: ¥ =0%,Q =041, P=0.94
Overall: P <0.001, Heterogeneity: I = 0%, Q = 6.85, P=0.94

Figure 3. (A) Meta-analysis of serological response compared to controls after one dose of vaccine.

(B) Meta-analysis of serological response compared to controls after two doses of vaccine.

3.5. Serologic Response following Two Doses of COVID-19 Vaccination Compared to Controls

There were 15 studies that included control patients after two doses of vaccine. Meta-
analysis demonstrated that transplant recipients were less likely to achieve a serologic
response compared to controls (30.8% vs. 99.4%; OR 0.0057 (95% CI 0.0030-0.011), p < 0.001)
(Figure 3B). Subgroup analysis demonstrated that heart and/or lung and kidney transplant
recipients as well as the mixed transplant group achieved statistically significantly lower
response rates compared to controls (12.1% vs. 99.0%; OR 0.0024 [95% CI 0.0007-0.0084],
31.8% vs. 99.3%; OR 0.0063 [95% CI 0.0025-0.016], 35.5% vs. 100%; OR 0.011 [95% CI
0.0025-0.045], respectively, and all p < 0.001).
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There was no heterogeneity (I> = 0%). Visual evaluation of the funnel plot showed
no asymmetry, and no publication bias was found with Begg’s and Egger’s tests (p = 0.20,
p = 0.47) (Supplementary Figure S4B).

3.6. Serologic Response following Three Doses of COVID-19 Vaccination

Ten studies reported the serologic response following a third dose of COVID-19
vaccination. Five studies used the same mRNA vaccine for all three doses (BNT162b2 or
mRNA-1273) whereas three studies used a different mRNA vaccine for the third dose. Two
studies used mRNA vaccines as the first two series followed by Ad26.COV2.S as the third
dose. As can be seen in Figure 4A, the rate of serologic response was 65.5% (95% CI 60.4—
70.2), which was nearly two-fold greater than the rate after two doses. Subgroup analysis
demonstrated that the rates were 66.7% (95% CI 56.7-75.4), 66.9% (95% CI 60.1-73.2), and
59.9% (95% CI 47.9-70.8) in heart and/or lung transplant recipients, kidney transplant
recipients, and mixed group, respectively. The rate was lower with Ad26.COV2.S as the
third dose compared to using the same or different combination of mRNA vaccines (41.0%
(95% CI 24.2-60.2%) vs. 66.1% (95% CI 62-69.9%)-70.1% (95% CI 43.7-87.6%), respectively)
(Supplementary Figure S5B). The results were unchanged when each study was removed
one at a time from the meta-analyses (Supplementary Figure S5C).

Heterogeneity was moderate (12 = 44.7%) possibly due to the differences in the sample
size and reported rates of the studies. Visual evaluation of the funnel plot showed no
asymmetry, and no publication bias was found with Begg’s and Egger’s tests (p = 0.37,
p = 0.19) (Supplementary Figure S5A).



Viruses 2022, 14, 1822 19 of 23
A. Serologic response after three doses of vaccine
Subgroup Study Event Lower Upper Event rate and 95% CI Relative
rate limit limit Total weight
Heart/Lung Peled 2 0.667 0.567 0.754 64 /96 100.00
Subtotal 0.667 0.567 0.754 64 /96 —
Kidney Masset 0.651 0.608 0.763 94/136 66.95
Massa 0.623 0.4%6 0.735 38/61 33.05
Subtotal 0.669 0.601 0.732 132 /197 -
Mix Werbel ENT162b2 0.400 0.100 0.800 2/5 5.90
Werbel mRNA-1273 0.700 0376 0.300 7/10 -1 501
Werbel AD26.COV2.S 0.333 0.146 0.5%4 5/15 | 1217
Hall 0.550 0424 0.670 33/60 - 22.69
Karaba mRNA 0.842 0.608 0.948 16/19 10.22
Karaba AD26.COV2.S 0.500 0.244 0.756 6/12 1141
Del Bello 0.67% 0.632 0.723 269/ 3%6 - 28.61
Subtotal 0.599 0479 0.708 338/ 517 e
Overall 0.655 0.604 0.702 534/ 810 -
0.00 0.50 1.00
Heart/Lung: Heterogeneity: =0%,Q =0, P=1.00
Kidney: Heterogeneity: F=0%,Q=088 P=035
Mixed: Heterogeneity: ¥ = 60.41%, Q = 15.15, P =0.019
Overall: Heterogeneity: I = 44.69%, Q = 16.27, P = 0.061
B. Serologic response after three doses of vaccine among non-responders to two doses
Subgroup Study Event Lower Upper Event rate and 95% C1 Relative
rate limit limit Total weight
Kidney Benotmane 3 0.491 0414 0.568 78 / 159 - 22.15
Charmetant 0.424 0311 0.546 28 /66 I 20.89
Chavarot 2 0.065 0.024 0.160 4/62 - 15.86
Westhoff 0.600 0.297 0.842 6/10 D 13.50
Schrezenmeier BNT 162b2 0.214 0.071 0454 3/14 ] 13.40
Schrezenmeier AZD1222 0.545 0.268 0.797 6/11 NS Ca— 1421
Overall 0.357 0.212 0.533 125 /322 ——1

0.00 0.50 1.00

Overall: Heterogeneity: I = 82.11%, Q = 27.94, P <0.001

Figure 4. (A) Meta-analysis of serological response after three doses of vaccine. (B) Meta-analysis of
serological response after three doses of vaccine among non-responders to two doses.

3.7. Serologic Response following Three Doses of COVID-19 Vaccination in Non-Responders after
Two Doses

There were six studies that reported the serologic response after a third dose of the
COVID-19 vaccine in patients who did not show a response following two vaccination. All
studies only included kidney transplant recipients. Four studies used the same mRNA
vaccine for all three doses (BNT162b2 or mRNA-1273) whereas one study each used
BNT162b2 as the first two series followed by AZD1222 or mRNA-1273 as the third dose. As
can be seen in Figure 4B, the serologic response rate was 35.7% (95% CI 21.2-53.3), which
was half of that seen among studies not restricted to two-dose non-responders (Figure 4A).
Subgroup analysis demonstrated that the serologic response rates were 54.5% (95% CI
26.8-79.7) and 60.0% (95% CI 29.7-84.2) when AZD122 or mRNA-1273 were administered
as the third dose following two doses of BNT162b2, but 27.9% (95% CI 13.3-49.4) when the
same mRNA vaccines were used for all three doses (Supplementary Figure S6B). It should
be noted that the number of studies that used a different type of the third vaccine was one
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each. The results were unchanged when each study was removed one at a time from the
meta-analyses (Supplementary Figure S6C).

Heterogeneity was present (I> = 82.1%) possibly due to the differences in the sample
size and reported rates of the studies. Visual evaluation of the funnel plot showed no
asymmetry, and no publication bias was found with Begg’s and Egger’s tests (p = 0.71,
p = 0.36) (Supplementary Figure S6A).

3.8. Quality of Evidence Assessed by GRADE

The quality of evidence of this analysis was considered low because the data were
derived mostly from observational or cohort studies (Supplementary Table 54).

4. Discussion

Our meta-analysis of the serologic response to the COVID-19 vaccine in SOT recipients
showed that less than 10% of transplant recipients seroconverted following one dose of
COVID-19 vaccination. The rate improved to 34% following the second dose. In comparison
to controls, the seroconversion rates were lower following both doses. A third booster shot,
which has recently been approved, improved the rate to 66%, but in a subset of patients
who had not achieved a response after two doses, it remained low at 36%. The results of our
study suggest that there is a need for a more effective prophylaxis strategy in SOT patients.

Patients with a history of SOT are at higher risk for COVID-19 and its mortality [38].
Transplant recipients are immunocompromised due to the long-term use of immunosup-
pressive medications. Immunosuppressive drugs may influence the functions of B and T
cells that lower the response to vaccinations [21,23,39]. Furthermore, transplant recipients
are generally older and may carry comorbidities that increase the risk of COVID-19.

The study by Shroti et al., reported that 96-99% of patients in the general community
seroconverted following a single or two series of ChAdOx1 nCoV-19 or BNT162b2 vaccines.
In their study, elderly individuals and those with cardiovascular disease, diabetes, or cancer
were less likely to achieve antibody response [40]. In our study, the serologic response rates
of SOT patients following one or two doses of COVID-19 vaccination was 9% and 34%,
respectively, which were lower than those reported in a meta-analysis of immune mediated
inflammatory disease patients receiving biologics [23]. When compared to controls, the
odds of seroconversion among transplant recipients were lower after both doses. The
proportion of patients on GC therapy was associated with lower response following one
dose whereas advanced age was associated with lower response in addition to GC use
following two doses. This suggests that additional patient and treatment factors may be
associated with a weakened vaccine response in transplant recipients, which warrants
further investigation.

The low serologic response rates to the two-dose mRNA vaccination strategy in
transplant recipients led us to investigate the response to the booster (third) vaccination.
The response rate after the third dose rose to 65%, but was still suboptimal. Furthermore,
among a subset of patients who failed to seroconvert after two doses, merely a third
seroconverted after the third dose. AD26.COV2.S mounted a weaker serologic response,
but AZD1222 or mRNA-1273 induced a stronger response in subgroup analyses, so studies
of different hybrid regimens or doses are warranted [41,42]. Future studies will need to
assess strategies for prophylaxis including the use of monoclonal Antibody (mAb)-based
immune prophylaxis as a substitute or as a complement to vaccines in SOT recipients.

5. Limitations

Although it has been more than a year since the first vaccine was approved against
COVID-19, available reports on transplant recipients were rather limited and mostly con-
sisted of studies of a small sample size. There are currently nine COVID-19 vaccinations
available for use globally, but a majority of the studies included in our meta-analysis were
of either mRNA-1273 or BNT162b2, and a small number of studies were of AD26.COV2.S or
AZD-1222/ChAdOx1 nCoV-19. Our primary outcome was a humoral response to vaccines;
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however, we could not evaluate the difference in T cell-mediated immune response due
to the of data. Recent studies have reported that levels of antibodies can be predictive of
the risk of infections in healthy individuals and that those who are immunocompromised
were at greater risk of post-vaccination infections, so we consider that our meta-analysis
focusing on serologic response provides meaningful information [43,44]. Further stud-
ies assessing whether the incomplete serologic response to vaccination would prevent
symptomatic or severe COVID-19 in SOT patients are also warranted [45,46]. Due to the
limited data, we were unable to undertake subgroup analyses according to different im-
munosuppressive therapies. Furthermore, the studies included in our meta-analysis were
somewhat heterogeneous regarding transplanted organ(s), size of the sample, treatment,
timing, and type of test used to measure antibody levels. A majority of studies included
in our analysis used either the antibody test marketed by Abbott, DiaSorin, or Roche.
They are all known to have a sensitivity of 98 to 100% [24]. Consequently, the results of
antibody testing have an excellent correlation in regard to seroprevalence. Recent reports
have shown declining antibody levels after 3-8 weeks of second vaccination in patients
receiving ChAdOx1 nCoV-19 or BNT162b2 [47], so further research assessing the waning
of antibodies in immunocompromised and transplant patients is warranted.

6. Conclusions

We have demonstrated that the rate of seroconversion to vaccinations against COVID-
19 in SOT recipients was only 9% and 34% following the first and second dose. The rate
improved to 66% following the third booster injection. However, in a subset of patients who
had not achieved a response after two doses only a third achieved a response with the third
dose. The results of our study suggest the urgent need for an improved prophylaxis strategy
including the use of mAb-based immune prophylaxis as a substitute or as a complement to
vaccines in this vulnerable patient population and that they need to continue following
safety measures.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/v14081822/s1, Figure S1: A. Serologic response after one dose of vaccine: Ad26.COV2.S
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one dose of vaccine, Figure S3: A. Funnel plot of studies included in meta-analysis of serologic
response after two doses of vaccine, Figure S4: A. Funnel plot of studies included in meta-analysis
of comparison of serologic response after one dose of vaccine compared to controls, Figure S5: A.
Funnel plot of studies included in meta-analysis of serologic response after three doses of vaccine,
Figure S6: Funnel plot of studies included in meta-analysis of serologic response after three doses
of vaccine among non-responders to two doses, Table S1: Risk of bias assessment by Joanna Briggs
Institute Critical Appraisal Checklist, Table S2: Univariate and multivariate meta-regression models
of variables associated with serologic response after one dose of mRNA vaccine, Table S3: Univariate
and multivariate meta-regression models of variables associated with serologic response after two
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